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HIGHLIGHT SUMMARY
The purpose of this study was to investigate the relationships
among the compaction variables (dry density, water content, and compac-
tion energy) and the shearing behavior of a field compacted St. Croix
clay. The strength tests were performed by unconsolidated-undrained
(UU) and saturated consolidated-undrained (CIU) triaxials. These were
run at various confining pressures to approximate the end of construc-
tion and long term conditions at several embankment depths . Samples
for the triaxial tests were taken from the ten test pads, which had
been compacted to three levels of effort, at five levels of water con-
tent
,
and by two kinds of rollers
.
The results of field as-compacted strength from UU tests showed
that an increase in strength results from an increase in density or a
decrease in water content. The strength also increased with confining
pressure until a near-saturation condition was reached in the sample.
A regression model for field as-compacted strength was thus developed in
terms of the water content, dry density, and confining pressure.
The effective stress strength parameters were evaluated for various
compaction conditions through the performance of saturated consolidated
undrained triaxial tests with pore water pressure measurements. The
results of the testing program showed that the effective stress strength
XXV
parameters, c' and $', are functions of compaction water content and
initial void ratio. For a constant value of initial void ratio, as the
water content increases, 5' increases and $' decreases. The values of
volumetric strain due to saturation and consolidation, and Skempton's A
parameter at failure demonstrated dependency on the water content, dry
density, energy level, and confinement for this field compacted soil.
Comparison of the prediction models for as-compacted and saturated
undrained strength of a field compacted medium plastic St. Croix clay
were made with prediction models previously developed for a laboratory
compacted highly plastic St. Croix clay. The coupling of the relations
for field compaction with those previously established for laboratory
compaction is also reported here.
INTRODUCTION
The general purpose of compaction is to improve one or more engi-
neering properties of the given material and hence, to improve the per-
formance of the material in a given application. For the project en-
titled "Improvement of Embankment Design", the engineering properties of
both laboratory and field compacted soil were investigated and the re-
sults were correlated with the compaction variables. Where the labora-
tory-compacted and field-compacted relationships are functions of the
same variable, they can be simply related. This means that the behavior
of laboratory compacted soil can be used to predict the behavior of
field compacted soil.
The safety of a compacted clay embankment against shear failure is
assessed at two critical times: (a) end of construction, and (b) in the
long term. For the former time the fill material exists in the as-
compacted condition. For the long term case, the embankment material is
assumed to become fully saturated under the confinement of the embank-
ment. The as-compacted strength was measured in unconsolidated undrained
triaxial tests . The saturated undrained strength for the long term case
was measured in consolidated undrained triaxial tests with pore pressure
measurements
.
The objectives of this particular task within the study were accom-
plished in the following steps
.
(a) Samples were acquired from the St. Croix test pads
which had been compacted at five levels of water
content, three levels of energy, and by two types
of rollers
.
(b) Laboratory tests were run for as-compacted strength,
volume change on saturation and saturated undrained
strength on the samples procured from the test pads
.
(c) The experimental test parameters were related to
the compaction variables and statistically valid
prediction equations were produced.
(d) Prediction models for field compacted parameters
were related to laboratory compacted data for a
similar soil. Where the relationships are simply
related, it is possible to predict field compacted
behavior from tests on laboratory compacted samples
Prediction equations were produced for dry density (0,), as-
compacted strength (q ), percent volume change due to saturation and
consolidation (AV/V
, % ) , Skempton ' s A parameter at failure (Af ) and the




1-1 Theories for the Mechanics of Compaction
Compaction is the most direct and economical method of improving
the physical properties of the material. The extent to which a soil
mass can be made to occupy a smaller volume depends mainly on the type
of soil, the moisture conditions, method of compaction, and the compac-
tion energy.
The pioneering work of Proctor in the 1930 's clarified the mechan-
ism of compaction and demonstrated the unique relation between water
content and density which could be achieved by a particular compact ive
effort. Proctor's theory states that the continual addition of water to
a very dry soil produces two effects, capillarity and lubrication. In
the very dry state, the addition of water reduces the density due to the
reduction of capillary force which allows the particles to spring apart,
but further addition of water produces a lubrication effect which in-
creases the density. The relative influence of capillarity and lubrica-
tion depends on the type of soil. The decrease in density thai; results
from the reduction in capillary force is relatively small compared to
the increase in density due to the lubrication effect. His concept of
fabric dealt with particle spacing, rather than degree of particle or-
ientation.
Hogentogler ' s (1936) theory suggests four stages of wetting that in-
fluence the density: hydration, lubrication, swell and saturation.
These stages occur as a result of the variation in the character of
moisture films. The water during the hydration stage is absorbed by the
soil particles and the remainder is attached to the surface of the soil
particle. During the lubrication stage, the water acts as a lubricant
allowing the soil particles to slide past each other more easily, thus
increasing the density. At water contents greater than the lubrication
limit, the additional water merely acts to push the soil particles apart
which causes the soil to swell. This is the swelling stage. During the
saturation stage, the remaining air is displaced and the soil becomes
truly saturated.
Lambe's (1958) structural theory uses the physical-chemical nature
of clay to explain its structural and engineering behavior. In his
theory the sizes and shapes of particles play an important role in de-
termining the structure of a particular soil. Some soils may show an
extreme variation of structure with increase in molding water. Compac-
tion at low water contents results in a high concentration of electro-
lyte, which prevents the diffuse double layer of ions surrounding each
clay particle from fully developing. The double layer depression leads
to low inter-particle repulsion, resulting in a tendency towards floc-
culation of the colloids and a consequent low degree of clay particle
orientation in the compacted soil. This type of structure has beer,
termed a "flocculated" arrangement of soil particles. As the molding
water content is increased, Lambe postulates that the electrolyte con-
centration is reduced, resulting in an expansion of the double layer,
increased repulsion between particles and a low degree of flocculation.
This causes a more orderly arrangement of particles during application
of compactive effort and therefore a higher density. Further increase
in water content above the optimum moisture content increases this
effect, and tends to produce a dispersed arrangement of particles, but
the double layers are large enough to reduce the concentration of soil
particles per unit of volume. This causes a decrease in dry density.
The surface chemistry theories utilized in Lambe's theory apply prin-
cipally to clay minerals; therefore, it would seem that his theory is
limited in that it could not be used to explain the compaction behavior
of soils composed primarily of sand or silt.
Seed and Chan (1961) presented considerable additional data which
confirmed and extended the concept that the strength, deformation, and
many other properties of compacted clay were greatly dependent upon the
structure of the soil, as well as on the water content and density.
Olson's (1963) effective stress theory marks the first attempt at
explaining the compaction process in terms of changes in effective
stress, pore water pressure, and shearing deformations in the soil.
Olson explained the shape of the compaction curve as follows. For com-
paction at low water content, increases in moisture increase the degree
of saturation which results in higher pore air pressures and pore water
pressures. This weakens the soil by reducing the effective stresses
between the particles. He believed the negative pore water pressures
in samples dry-of-optimum caused large effective stresses that could
resist penetration of the compaction foot. As the moisture content is
increased, the greater amount of water increased pore pressure and
lowered the effective stresses. This left the soil unable to resist
foot penetration. So, large foot penetrations occurred on the wet side
of optimum and resulted in a more dispersed structure.
Barden and Sides (1970) made an experimental investigation of en-
gineering behavior of a compacted, partly saturated lean clay and of-
fered a deformable aggregate model to explain the compaction process.
Their results indicate that the soil structure is markedly affected by
the compaction moisture content. At low compaction moisture content,
the macropeds have high strength and are able to resist the compaction
pressure without much distortion. Thus, during compaction, the macro-
peds are displaced but little distorted, as the size of the interpedal
air void is reduced. Further increase in the compaction moist-ore con-
tent causes the macropeds to become even weaker, and during compaction
they are somewhat distorted to fill the macropores which tend to dis-
appear. At this compaction moisture content the dry density reaches a
maximum. Further increase in compaction moisture content causes the
dry density to decrease as the water layers between the soil particles
increase in thickness.
Hodek (1972) verified his deformable aggregate theory by investi-
gating the particle orientation and strength of kaolin aggregates of
varying moisture content and size. In his theory as water content in-
creased, the aggregates became weaker, more deformable, and squeezed
into each other to form a more oriented fabric normal to the direction
of the compacting force. Thus, his study showed that the particles in
the aggregates increased in orientation with higher water content and
compactive efforts. Also, the compacted energy required to achieve a
given density decreases as the moisture content increases.
The size and distribution of pore space of compacted clay fabric
has also been studied considerably. Diamond (1971) employed pore size
distribution techniques, scanning electron microscopy, and X-ray
diffraction to study the fabric of impact compacted kaolinite and illite.
For samples compacted dry-of-optimum, scanning electron microscopy showed
distinct soil domains several microns in diameter with intervening voids
of similar diameter. The domains were indistinguishable and the voids
were closed for samples compacted wet-of-optimum. Bhasin (1975) found
that the distributions of the pore sizes for soil at equal porosities
vet- and dry-of-optimum were very different, the dry sample having lar-
ger pores than the wet one. Also, as compactive effort increased at a
constant water content dry-of-optimum, the quantity of larger pores was
vastly reduced. For the samples wet-of-optimum, increases in compactive
effort had little effect on the porosity or pore distribution. Sridharan,
Altschaeffl and Diamond (.1971) reported that the reduction in void ratio
obtained by increasing compaction effort is absorbed primarily by the
large pores. Ahmed, Lovell, and Wood (197^+) also showed that compaction
to a constant water content and density by impact and kneading compac-
tion methods had little effect on the pore size distribution. Reed
(1977) and Garcia-Bengochea (1978) found that only when a high enough
percentage of kaolin was present in their silt-kaolin mixes did the de-
formable aggregate model seem to be valid.
Hodek and Lovell (1978 and 1979) have proposed a model and a me-
chanism which explains the achievement of compacted density for kaol-
inite. They studied certain properties of the soil aggregates before
compaction. The size and distribution of aggregates play an important
role in the compaction process. During compaction, the densification
occurs due to aggregate rearrangement not requiring deformation, ag-
gregate rearrangement initiated by slight yielding, the deformation of
aggregates into the shape of available voids, and the reduction of pos-
sible intra-aggregate air voids. Accordingly, the type of compaction
'1
and aggregate size distribution establish the water continuity condition
within the soil, and once the air voids are no longer inter-connected,
little densification occurs regardless of the input effort.
White (1980) conducted pore size distribution measurements on the
St. Croix clay used in this study. He attacked the prediction problem
by investigating a possible source of the differences soil fabric be-
tween the laboratory and field compacted soil. He concluded that the
fabric of the laboratory compacted soil was significantly different from
that of the field compacted soil. The difference was more pronounced at
water contents on the dry side of optimum and on the wet side; near op-
timum the differences were less pronounced. White also pointed out that
laboratory compaction by impact and kneading procedures produced the
same fabric. Differences in fabric existed on the dry side between the
Rascal and the Caterpillar field compacted samples.
In conclusion, it appears that none of the compaction theories alone
adequately explains the complete compaction process. That is, none of
the theories are sufficiently general to cover all types of soils and
all types of compaction processes. Nevertheless, each of them is of
value in that each proposes a unique explanation for the effort of water
on the dry density that can be produced by the compaction process.
1-2 Shear Strength of Compacted Fine Grained Soils
The engineering behavior of a compacted cohesive soil is primarily
controlled by molding water content, degree of saturation, method of
compaction, and compactive effort. These factors control the type of
structure that is produced during the compaction process, which in turn
influences the manner of development of pore pressures during the
undrained application of shearing stresses. It is well known that the
development of pore pressure during shear is important in determining
the shear resistance offered by a soil. The shear strength of soil is
generally expressed by the Mohr- Coulomb equation:




Where s is the shear stress on the failure plane at failure, a' is the
effective normal stress on the failure plane at failure, c' is the
strength intercept, and
<f>
* is the strength angle. When full drainage
in a saturated sample is allowed to take place during the consolidation
and compression shear test, or when developed pore press-ore are evalua-
ted, the shear strength can be expressed as a function of effective nor-
mal stress (a'). If pore pressures are developed during the test, and
these pore pressures are not evaluated, the strength is expressed only
as a function of total normal stress (a).
In summarizing the results of the Harvard-MIT-WES cooperative tri-
axial shear research program, Rutledge (.19^7) observed that for satur-
ated normally consolidated clays there was a unique relation between the
shear strength and the water content at failure. The water content at
failure was also found to be one of the primary factors governing the
strength of partially saturated clays, along with the confining pres-
sure, soil density and degree of saturation. Further data were addei
by Leonards (1955), who illustrated the importance of void ratio at
failure on the strength of partially saturated compacted clays.
Leonards found a unique relationship only for specimens having constant
initial conditions of void ratio and water content.
-;
Seed and Chan (1959) showed that the method of compaction and the
molding water content used to obtain a given dry density had a pro-
nounced effect on the relative strength developed at low strains for
soil compacted wet-of-optimum but hardly any effect for soils compacted
dry-of-optimum. For samples compacted wet-of-optimum to any given den-
sity and water content, particle orientation and shrinkage tend to de-
crease, and strength at low strains tends to increase in the following
order of compaction methods: kneading, impact, vibratory, static.
Neither the method of compaction nor the molding water content had any
significant influence on the relative strength at large strains. Lee
and Haley (1968) showed that under very high confining pressures, sam-
ples with a flocculated fabric remained stronger than samples with an
oriented fabric. However, due to the volume changes which occurred
during consolidation, the strength after soaking and consolidation at
high pressures were very little different for soils prepared by differ-
ent compaction methods. DaCruz (1963) found the differences could be
accounted for by including degree of saturation and void ratio, i.e.,
eJS . These values at failure when plotted against the log \h Co^-o,)^-
showed a linear relationship for all compacted samples of his residual
clay. Seed and Hirschfeld (i960) concluded that the strength character-
istics of compacted clays are largely determined by the same principles
that control the strength of undisturbed and remolded clays. It was
recognized that the shearing resistance of a partially saturated com-
pacted soil was controlled by effective stress, but was not as well de-
fined as for saturated soil. Measuring the pore water and pore air
pressures in a partial saturated clay remains a problem.
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1-2-1 Effective Stress in Saturated Soil
Since the effective stress controls changes in volume and strength
of soils, it is desirable, to evaluate soil strength in terms of effec-
tive stress. Effective stress in saturated soils has been found to fol-
low the Terzaghi equation a' = a - u where a is total stress, a' is
effective stress, and u is the pore pressure. The validity of this
effective stress equation has been justified by experimental evidence.
Skempton (i960) has attempted a somewhat rigorous, theoretical approach
and concluded that the above equation " ... has the status of an excel-
lent approximation in the special case of saturated soils".
1-2-2 Effective Stress in Partially Saturated Soil
Generally, effective stress in partially saturated soil cannot con-
form to the Terzaghi equation, because the pressure in the air and water
phases of the soil are not equal. This pressure difference arises due
to the presence of capillary meniscii in the water. These meniscii cause
tension in the water that results in negative pore water pressure. The
water pressure will be less than that of the pore air pressure unless
the air is occluded.
A number of studies have attempted to extend the principle of ef-
fective stress to the case of partly saturated soils. Hilf (1956) re-
cognized that Terzaghi' s equation was not adequate to describe the ef-
fective stress in an unsaturated soil and proposed the equation:
.1-2
Where u is the pore air pressure and u is the capillary pressure (.u
a c c
u - u ) . If the applied stress and the pore air pressure are taken
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equal to zero, Hilf's equation degenerates to o 1 = -u . This expres-
sion was significant in pointing out the existence of negative water
pressures. Croney, et al
. (1958), Jennings (l9t>0) ana Aitchison (i960)
all proposed modified forms of the effective stress equation to account
for the two-phase nature of the pore fluid in a partly saturated soil.
These equations (l-3a,b,c) are shown' in Table 1-1.
Bishop et al. (i960) proposed a more general form of the equation




a x a w
Where X is a parameter between and 1 that varies with degree of sat-
uration. Therefore, in order to evaluate the effective stress in an un-
saturated soil it is necessary to have a knowledge of both the pore-air
and pore-water pressures, as well as the x -factor. Bishop and Henkei
(1962) presented the relationships between X -factor and degree of sat-
uration for four soils as shown in Fig. 1-1. However, it should be
noted that the x -factor is. not necessarily the same in equations of ef-
fective stress for volume change and shear strength. It is also a func-
tion of suction, water content, surface charge on particles, electrolyxe
composition, particle arrangement, stress path, etc. (Aitchison, 1965).
Olson and Langfelder (1965) have presented data to show that the rela-
tionship between water content and negative pore water pressure follows
a hyperbolic type curve. They further showed that for a given compac-
tion procedure, the as-compacted pore water pressure becomes increasing-
ly negative at any water content as the specific surface of a soil in-
creases. Wahls, et al. (1966) assumed that pore air pressures dissipate
13
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Figure I -I X-Factor vs. Degree of Saturation (After Bishop
and Henkel,l962)
ijuite rapidly because of high air permeability; accordingly the pore air
pressures may be taken to be zero and Equation (l-k) reduces to:
a ' = a
~X UW (1-5)
They further assumed that when the total stress is constant, the effec-
tive stress, a 1
,
is a linear function of the product <u . The relation-
w
ship between the X -factor, degree of saturation, dry density, negative
pore water pressure and molding water content is presented as Fig. 1-2.
Referring to Fig. 1-2, it is seen that on the dry side of optimum, u
' w
becomes less negative but X also increases, therefore the strength may
decrease or increase. This implies that increase in dry density does
not necessarily result in increased strength. On the wet side of opti-
mum, u
w
continues to be increasingly less negative and X is essentially
constant. This implies that the strength must decrease on the wet side
of optimum. A number of triaxial tests on silty clay performed at MIT
(1963), at constant void ratio and structure, but different water con
tents, showed poor applicability of Equation (l-k) to shear strength.
The MIT report considered the principle of effective stress tc be val-
uable to shear strength, but the internal and external stresses would
have to be correlated to an effective stress that would contribute to
the value of x •
Lambe (i960) generalized an equation for effective stress which con-
sidered an internal stress exerted between adjacent particles of a par-
ticular soil mass:
a = a a + u a + u a +R-A Cl-6)m a a w w ^
15
^—Lin« of Optimum







O XV £S_S R =90%
£_S„=80%












Molding Water Content , Percent
Figure I —2 Relationship of Dry Density, Pore Water Pressure,
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Wahls, et al, I 966)
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Where a = total stress
a = intergranular stress of mineral-mineral contact
a = percent of total area in mineral-mineral contact
m
u = pressure of air in air-mineral contact
a - percent of total area in air-mineral contact
a
u = pressure in water
to
a = percent of total area in water-mineral contact
R = total interparticle electrical repulsion divided by total
interparticle area
A = total interparticle electrical attraction divided by
total interparticle area
The limitations to the use of this equation (1-6) lie in the eval-
uation of its terms.
Sridharan (1968) used a similar equation for effective stress, c,
c" = a - (u + u ) - R + A (1-7)
a w
where o = total stress
u = effective pore air pressure
u = effective pore water pressure
w
R = net repulsive pressure due to particle electrical forces.
A = net attractive pressure due to particle electrical forces.
He related the net interparticle contact stress to shear strength s, by
s = f(c") + c (1-8)
where c was a constant. Sridharan found that the variation in attrac-
tive and repulsive forces with degree of saturation appears to control
the variation in strength up to about a 35% degree of saturation.
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Beyond this, the variation in strength is primarily influenced by
variation in negative pore pressures. Clay type is the major influence
in defining the electrical forces and negative pore water pressures in
the relationship.
Aitchison (1973) related matrix and solute suctions to the effective
stress by:
a' = a + x p " + x p
" (1-9)ram s s
Where a = total applied stress
p " = matrix suction = u - u
m aw
p " = solute suction
s
x ,x = factors ranging from zero to one which are dependent upon
stress paths.
Fredlund and Morgenstern (1977) applied multiphase continuum mech-
anics, involving force equilibrium equations for each phase, to describe
effective stress in unsaturated soils. They considered that the air-
water interface or "contractile skin" was a fourth phase in the soil-air-





















They also pointed out that any two of three possible normal stress
variables can be used to define the stress state. Possible combinations
18
are: (1) (a - u ) and (u - u ); (2) (a - u ) and (u - uw ) ; and (3)
( a - u ) and ( a - u )
.
a w
A summary of the effective stress equations for partically saturated
soils as discussed above is shown in Table 1-1.
While it is well recognized that the effective stress concept approach
to the evaluation of the strength of unsaturated soil would be highly
desirable, this approach is generally not used at the present. This is
because of the experimental difficulties involved in determining the
shear strength in terms of effective stress . Also none of the above
models of effective stress in partially saturated soils has been found
to be fully applicable.
1-2-3 Stress-Strain Characteristics
Seed and Chan (1959) showed some typical stress-strain curves of
"as-compacted" soils in Figure 1-3. It will be seen that as the samples
with the lower water contents and the flocculated structure, in conjunction
with highly negative pore water pressures, have much steeper stress-strain
curves and develop their maximum strength at low strains, as for curves
1 and 2. Samples with the higher water contents, lower density and more
oriented fabric have much flatter stress-strain curves and continue to
increase in strength at very high strains, as in curves 3, 4, 5, 6. The
variations of stress-strain behavior depend on amount and type of soil
fraction, density, compaction method, water content and degree of satura-
tion, and minor principal stress. Similar stress-strain curves of as-
compacted soil were observed by Price (1978) and Weitzel (1980) . The
dry-of-optimum samples were stiffer and the sample at the lowest water
content was quite brittle. As water content increases from dry-of-
optimum the soil aggregates become weaker and more plastic, so they yield
19
TABLE 1-1 Effective Stress Equation for Partially Saturated Joiis
Reference Equation
Hilf (1956)
Croney, et al. (1958)
Jennings (i960)
a ' = a - g ' u
w
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= a - u +x(u -u)
a a w
c = a - (u +u)-R + A
a w
a' = a + x p" + x p"mm s s
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a = a a + u a +ua +R-A (1-6)












u = pressure in air u = capillary pressure
a c
u = pore water pressure a' = effective stress
a = total stress p" = pressure deficiency
a = intergranular or contact stress between particles
X = parameter related to degree of saturation
x = effective stress parameter for matrix suction
m
x = effective stress parameter for solute suction
s
i>
= parameter with values ranging from zero to one
= statistical factor of same type as contact area (should be
measured experimentally in each case )
.
3' = holding or bonding factor which is a measure of number of
bonds under tension effective in contributing to soil strength.
R = net repulsive pressure due to particle electrical forces
A = net attractive pressure due to particle electrical forces
P ",P " = matrix and solute suction
m s
u = effective pore air pressure
a
u = effective pore water pressure
TT = effective stress
a = percent of total area in mineral-mineral contact
m
a = percent of total area in air-mineral contact
a = percent of total area in water-mineral contact
21
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Figure 1-3 Influence of Molding Water Content on Stress- Strain
Relationship for Compacted Kaolinite (From Seed
and Chan, 1959)
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more before the shear resistance between them is exceeded. Casagrandc
and Hirschfeld (1962) also proposed a classification system for the
shapes of stress-strain curves which is shown in Figure 1-4. The sub-
divisions within each type (a,b,c) indicate whether resistance increases,
stays constant or decreases following yield. Johnson (1979) showed that
the stress-strain curves from CIU tests on St. Croix clay were classi-
fied as either Type I or Type II, as defined in the system presented by
Casagrande and Hirschfeld. Type I and Type II curves are well-rounded
curves with the possible exception of an initial straight line section
which terminates before half the maximum shear stress is attained.
1-2-4 Statistical Prediction Models for the
Strength of Compacted Clay
Peterson (1975) performed regression analysis on the data from un-
confined compression tests. The prediction equation of the unconfined
compressive strength (q ) of a laboratory kneading compacted silty clay
included density (p ) and water content cubed (w )
:
qu
= -91.16 + 1.56 p d
- 0.0187 w 3 (1-11)
Essigmann (1976) and Scott (1977) also performed unconfined compression
tests on a laboratory impact compacted silty clay. Table 1-2 shows the
prediction regression equations for as-compacted and soaked strength.
Price (1978) developed prediction equations similar to those of Scott
and Essigmann, but by a slightly different approach. Tests run by
Price were on field compacted samples, both as-compacted and saturated.
The results of the statistical analysis are presented in Table 1-3.
Weitzel (1979) determined the statistical as-compacted (UU) strength
model of St. Croix clay compacted in the laboratory. The strength pre-















Figure I -4 Classification of Stress-Strain Curves (After
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density, degree of saturation and confining pressure. On the wet side,
the logarithm of strength decreases linearly with initial void ratio.
The prediction equations for as compacted strength confined and un-
drained are:
(a) Compressive strength, dry-of-optimum:




(b) Compressive strength, wet-of-optimum:
log(q
c




where p = dry density, kg/m
w = water content, %
a
3
= confining pressure, kPa
e = initial void ratio
o
S. = initial degree of saturation, %
q = estimated compressive strength, kPa
2R = coefficient of determination
For the long term shearing behavior, Lovell and Johnson (1980)
developed the relationships between the compaction conditions and the
long term effective stress strength parameters for the St. Croix clay.
The statistical prediction models for effective stress strength para-
meters, <}>' and c 1 are
<{>' = 20.1° ± 1.3° (1-14)
and
c' = 1.71 - 3.83 w log e (1-15)
where c 1 = estimated value of the effective stress strength
intercept (kPa)
27
w water content , %
e = initial void ratio
o
2The multiple coefficient of determination (R ) value of 0.63 is low
but acceptable.
1-3 Volume Change Characteristics
1-3-1 Volume Change of Partically Saturated Soil
Coleman (1962) proposed a simple and consistent equation for
volumetric strain applicable to the triaxial test.
-dv
~V = " Cl d(uw " ua } + C2 ' d(CT " ua } + C 3 d(a l " a 3 } (1_16)
where a, = axial total stress
cr., = lateral total stress
a = I (al + 2a3 )
u = pore-water pressure
u = pore-air pressure
C-^tC^jC^ = compressibility factors in x, y, z direction
For isotropic loading, a is the all around stress and
-dv
~V = Ca d(uw " ua } + Ct d(CT " Ua } (1_17)
where C = compressibility of the soil structure with respect
to a change in (u - u ) = 3/H-
a w 1
H^ = an elastic modulus with respect to a change in (u - u )
C = compressibility of the soil structure with respect to a





u = Poisson's ratio
E = elastic modulus with respect to a change in (a - u ) .
w
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Matyas and Radhakrishna (1968) confirmed the findings of Jennings and
Burland (1962) that the principle of effective stress is inadequate to
explain the volumetric behavior of partially saturated soils subjected
to different stress paths. They found that the volumetric strain could
be expressed as a direct function of two independent stress components,
applied stress and suction, rather than in terms of a single effective
stress. Barden (1969) introduced the form of equation (1-16) for the

















are functions only of the current
stresses. He also found that the general transition from a flocculent
structure on the dry side of optimum to a oriented structure on the wet
side results in a very different compression behavior for clays com-
pacted dry and wet of optimum. Fredlund and Morgenstern (1976) pro-
posed two volume change relations for unsaturated soils from a semi-
empirical standpoint. The first equation is for the deformation of the
soil fabric.
£
















where e^ = AV/V = volumetric strain
v = unit volume
1 . Sv
v d(a - u )
- compressibility of the soil structure when
d(u - u ) is zero,
a w
1 . 3v
v 3(u - uT ~ comPressibility of the soil structure when
a w
d(a - u ) is zero,
w
*>
The second equation is for the change in volume of water in the element.
3v
0, - -








d(ua- Uw } ^- 20 >
a w
where v = volume of water in the element
w
1 • w
v Ha u )
= s ^-ope of the wat er volume vs. (a - u ) plot
w





~ T7 r = slope of the water volume vs. (u - u ) plotv <Hu - u ; aw
a w
when d (a - u ) is zero.
w
Conlin (1972) measured volume change both during application of confin-
ing pressure and throughout shear in his UU triaxial tests on a highly
plastic clay. The general trends are shown in Figure 1-5. It can be seen
that the volumetric strain due to confining pressure increased with water
content up to optimum. But the total volumetric strain decreased as
water content increased because of the increased saturation. Also the
volumetric strain increased with increasing confining pressure at con-
stant water content.
1-3-2 Volume Change due to Saturation
This volume change of compacted clay is associated with a change in
water content rather than a change in applied stress. The volume changes
which result could be either increases (swell) or decreases (settlement),
depending upon the level of confinement and the compaction variables.
Ladd (1960) indicates that the swelling behavior of a compacted clay is
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properties of the pore fluid, confining pressure applied during swelling
and time allowed for swelling. He concludes that the osmotic repulsive
forces play an important role in the swelling of compacted clays for
samples which are compacted wet of optimum. However, for dry of
optimum samples, swelling is influenced by factors in addition to
osmotic pressure. Seed, Mitchell, and Chan (1960) compared the amounts
of swell for samples of a sandy clay compacted dry and wet of optimum
by static and kneading compaction. They concluded that specimens com-
pacted dry of optimum exhibited greater swelling tendencies and swelled
to higher water contents than specimens at the same dry density com-
pacted wet of optimum. Seed, Woodward, and Lundgren (1962) also showed
that low water contents and high dry densities caused compacted clays
to swell the most. Swelling decreased with increasing confining pressure.
DiBernardo (1979) found that one-dimensional volume change on saturation
of St. Croix clay compacted in the laboratory was a function of as-
compacted water content and nominal compaction pressure. His statis-
tical prediction equation is
J
o
y (%) = 25.47 - 0.872 w - 0.0048 P ; R = 0.86 (1-21)
where V = as-compacted volume
AV = the volume change from the as-compacted
to the fully saturated condition under a
surcharge load.
AV/V = estimated volumetric strain (%)o
w = as-compacted water content (%)
2P = nominal compaction pressure (kN/m )
This relationship for one-dimensional percent volume change on satura-
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tion is plotted in Figure 1-6. For a given water content, as the com-
paction pressure is increased, there is less tendency toward settlement
and more toward swell. Similar trends are established for increasing
water content at a constant compaction pressure.
Lin (1981) developed the statistical volume change model of St.
Croix clay compacted in the field by both Caterpillar and Rascal
model vibratory rollers. He further developed a correlation between a
similar soil compacted in the laboratory and the field compacted soil.
Lin's one-dimensional percent volume change model is
— (%) = -2.26 + 0.400 e • P "* - 0.00026 w . P ; R
2
= 0.79 (1-22)
V o o o
Where e = void ratio
o
P = equivalent embankment pressure
w = water content
Figure (1-7) shows the comparison of Lin's laboratory and field volume
change models at a constant water content (14%) . Both curves indicate
that increasing the initial void ratio reduces the swelling tendency,
and as the equivalent embankment pressure increases, the volumetric
strain eventually becomes settlement. Lovell and Johnson (1980) devel-
oped a statistical prediction equation for percent volume change due to
saturation and consolidation on triaxial samples, relating the compac-
tion variables to the properties of the compacted soil. The samples
were formed in the laboratory with a kneading compactor. The predic-
tion equation is a function of as-compacted dry density (p ) , initial
degree of saturation (S
±
) , and isotropic consolidation pressure (a ').
AV 2 •}




































































AV/Vo=- 2.26 + 0.400 eo.Po -0.00026 w.Po
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Figure |-7 Effect of Void Patio on Percent Volume Change Model




The relationship between predicted percent volume change due to satura-
tion and consolidation and dry density for an initial saturation of
80% is shown in Figure 1-8. The figure shows that for a constant value
of saturation, AV/V decreases as dry density increases. It also shows
that for constant values of dry density and initial degree of saturation,
AV/V
q
increases as the consolidation pressure increases.
From the above review, it can be seen that the volume change due
to wetting of compacted clay is a function of the as-compacted void
ratio, the water content, and the confining pressure (or the surcharge
pressure for oedometer specimens)
. The volume change characteristics
of triaxial specimens of compacted shale on saturation were studied by
Abeyesekera (1978). Figure 1-9 shows contours of percentage of volume
change in terms of the as-compacted void ratio and the consolidation
pressures.
1-4 Pore Pressure Response During Undrained Shear
For a change in stress under undrained conditions the change in
pore pressure (Au) may be expressed (Skempton, 1954) as







where Aa. = change in major principal stress
Aa., = change in minor principal stress
B = an empirical coefficient related to the degree of
saturation and sample stiffness.
A = an empirical coefficient which describes the pore
pressure response to shear stress.
Under undrained shear, normally consolidated and lightly over-
consolidated clays tend to densify when loaded and to develop positive
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Figure 1-9 ContouFsof Percent Volume Change (After
Abeyesekera , 1978 )
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when loaded and to develop negative pore water pressure. This is
illustrated in Figure (1-10) where the A values for normally and over-
consolidated clay are given (Bishop, 1960). Triaxial compression
tests show that for fully saturated soils B = 1 (within practical
limits of accuracy) , and that the values of A at failure are very
dependent on the OCR. Henkel (1956), Bjerrum (1960), and Simons (1960)
also presented data which showed that the magnitude of the A parameter
at failure is a function of OCR. Figures 1-11, 12a, 12b show results
obtained from Henkel, Bjerrum, and Simons. Lambe and Whitman (1969)
collected typical values for the A factor, as shown in Table 1-4. The
tabulated values show that the A parameter at failure can range from
2 to 3 for very loose sand to -0.5 for heavily overconsolidated clay.
Abeyesekera et al (1978) proposed that the value of the A parameter at
failure, shown in Figure 1-13, is a function of the ratio of the com-
paction pressure to the consolidation pressure (P /a ') , which is
c c
analogous to the overconsolidation ratio, OCR, for a compacted shale.
They also found that for a given value of (P /a ') , the higher values
of A^ were observed at the lower molding water contents. Johnson
(1979) developed a prediction for Skempton's A parameter for St.
Croix compacted clay at failure as follows
A
f
= 1.79 - 0.00011 P d V^ + 1-28 g^/p^, R = 0.71 (1-25)
where A- = estimated value of Skempton's A parameter at failure
3
Pd
= as-compacted dry density (kg/m )
S
±
= initial degree of saturation (%)
- isotropic consolidation pressure (kN/m~)
Figure 1-14 shows for constant values of initial degree of saturation
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Figure I— 10 The Dependence of the Pore Pressure Parameter A

























Figure 1-12 a Relationship Between A
f
and the Ratio of the
Consolidation Pressure to the Preconsolidation
Pressure (After Bjerrum ,1960)
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Figure 1-12 b Relationship Between A
f and Overconsolidation
Ratio (After Simons, I960)
TABLE 1-1+a Value of Parameter A (Lambe and Whitman, 19^9)
Material (S = 100$;
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shows that an increase in consolidation pressure, representative of
decrease in OCR, results in an increase in A
f
. Essentially the rela-
tionship between A and OCR is unique for a given saturated remolded
clay. But for compacted samples with different initial gradations
and molding water contents, the relationship between A and OCR may
not be unique.
1-5 Comparison of Field and Laboratory Compacted Strengths
Several compaction methods have been studied in the laboratory.
In general, the compaction types used are static, impact, kneading and
vibratory. The factors that influence laboratory compaction are com-
paction type, size and shape of mold, support for the mold, method of
preparing the sample and compacting the soil, method of determining
moisture content and degradation during compaction.
Field compaction of soils has been accomplished through the use of
smooth wheel rollers, tamping-type rollers, pneumatic rollers, vibratory
compactors, and track-type tractors, and tampers. The principal
factors that influence field compaction are soil type, moisture condi-
tions, compactive effort, speed, type of compaction equipment, thick-
ness of lift, climatic conditions, and etc. The characteristic
variables pertaining to each type of field compaction equipment are
listed in Table 1-5. For the purpose of predicting field compactor
performance, Selig (1971) developed a set of equations, as shown in
Table 1-6, for defining compactive effort of the four following basic
classes of roller: smooth wheel, pneumatic, tamping, and vibratory.
Equations were derived for the compactive effort per unit volume of
soil, production rate in volume of soil compacted per unit time, and
horsepower required to provide the towing force at a desired speed.
TABLE 1-5 Characteristic Variables Pertaining to the Different Type
of Field Compacting Equipment (After Wahls, et al., 1966)
w










gross weight, diameter of
rolls, width of rolls, and
compression (lb/ in. of roller)
gross weight, roller dimen-
sions, type roller, tire
inflation pressure, contact
pressure, contact area
gross weight, type of foot,
number of feet /drum, area of
foot , foot contact area in
percent of total area of
cylinder generated, length
of feet, dimensions of drum,
contact pressure
gross weight, weight of each
vibrating unit, contact area
of base plate, unit contact
pressure, frequency, amplitude,
dynamic force, speed of travel
gross weight, roller weights,
dimensions of roller, fre-
quency, amplitude, speed of
travel
Track-type tractors gross weight, width of track,
contact pressures, speed of
travel
Tampers weight, area of base plate,
height of jump
* The table includes both independent and dependent variables
hi
TABLE 1-6 Summary of Equations by Selig (1971)
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ATABLE 1-6 (Continued)
Symbols and Dimensions
A = Contact area of tamping foot, sq ft
B = Roller width, ft
b = Width of tire, ft
c = Foot area correction factor, > 1.0
D = Roller drum diameter, ft
d = Center-to-center tire spacing, ft
E = Compact ive effort per unit volume, ft-lb/cu ft
f = Coefficient of compaction, (f = k Vp)
H = Horsepower
H = Horsepower of vibrator engine
h = n b for d > 2b
= B = b + (n - 1) d for d < 2b
k = Overlap correction factor, < 1.0
I = Tamping foot length, ft
N = Number of tamping feet
n = Number of tires
P = Number of passes
R = Production rate, cu yd/hr
S = Forward speed, mph
t = Compacted lift thickness, ft
W = Total weight, lb
k = Compaction constant, pass/ft
-5
These equations may be the best available to estimate roller performance.
Generally, field compacted shear strength characteristics are
inferred from tests run on laboratory compacted specimens at the same
moisture and density. However, the compaction method also has an
influence on the fabric of the soil which, in turn, has an influence
on the shear strength for a given water content and dry density. There-
fore, the field compacted strengths may not be identical with the
laboratory compacted ones.
The Waterways Experiment Station (1949) conducted comprehensive
laboratory and field investigations on a compacted Vicksburg silty
clay. Typical data which present the molding water content - dry
density - strength relationships are presented in Figure 1-15. It
may be seen from Figure 1-15A and 1-15C that the strength of the labora-
tory compacted samples are quite different from the strength of the
field compacted samples for both the soaked and the unsoaked conditions.
Because the moisture-density conditions are also in general quite
different, it is difficult to isolate the effect of the method of com-
paction. However, in the soaked case, the strength of the laboratory
sample is still higher than the field compacted sample up to a water
content of about 20%. For the unsoaked materials, the strength of the
laboratory sample is lower than the field compacted samples for water
contents above about 17%. It also can be seen that an increase in
density may or may not produce an increase in shearing resistance. For
the soaked CBR values on the dry side of optimum, it appears that there
is a continuous increase in strength until approximately the optimum is
reached. However, for the unsoaked material, the maximum strength
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Figure 1-15 Comparison of Field and Laboratory Compaction
and CBR. (After WES, 1949)
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are In agreement with the previously mentioned concept of the influence
of soil structure on the shear strength of compacted cohesive soils.
Holtz and Ellis (1964) performed a series of triaxial shear tests
on specimens of lean clay soil which were compacted by heavy sheepsfoot
rollers, and compacted in the laboratory by impact and kneading compac-
tion methods. Their results show that the strengths of soils compacted
by the standard laboratory and the field methods are close to each
other. Peterson (1975) collected compaction data from published and
unpublished sources. Additional data were obtained from an embankment
being constructed by the IDOH. Regression equations were then developed
to explain the laboratory strength relationship. Next, these laboratory
relationships were statistically tested as predictors of field perfor-
mance. Peterson noted that a reasonable correlation exists between
laboratory as-compacted and field as-compacted strength. Essigmann
(1976) and Scott (1977) developed a technique to predict the expected
variability of both the dry density and the unconfined shear strength
for a clayey silt tested in the as-compacted and the soaked conditions.
Their results indicate that the variations in dry density and strength
are dependent upon both the compaction process and the soil conditions
at the time of compaction. Price (1978) performed a statistical exami-
nation of a glacial silty-clay soil compacted in the field by either
a rubber-tired roller or a sheepsfoot roller. He also used the results
obtained by Essigmann (1976) and Scott (1977) (who developed similar
relationships for a laboratory compacted soil) to develop a prediction
method for field-compacted strengths. The field and laboratory strength
regression models are presented in Figure 1-16, 17, 18 for the as-
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Figure 1-16 Laboratory to Field Strength Correlation : Sheepsfoot
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Figure 1-17 Laboratory to Field Strength Correlation : Rubber
-
































10 12 14 16
Compaction Water Content,w (percent)
18
Figure 1—18 Laboratory to Field Strength Correlation : Rubber-
Tired Roller, As- Compacted (After Price, 1978)
response could be predicted by laboratory testing, particularly if a
simple graphic superposition technique were used.
Lin (1981) developed the compact ive prestress regression models
for the laboratory and field as-compacted soil shown in Figure 1-19.
It is observed that for a given water content, the estimated compactive
prestress increases with increasing compaction pressure for both labora-
tory and field compacted St. Croix clay. If the compaction pressure is
held constant, an increase in water content will result in a lower
value of compactive prestress. He also developed a predictive prestress
relationship between similar laboratory and field compacted soils by
using the ratios of the plasticity indexes (IR) of the two soils.
The equation is:





where P (lab) = estimated value of compactive prestress for
laboratory compacted soil
P (field) = estimated value of compactive prestress for
field compacted soil
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Figure I -19 Compactive Prestress Models (After Lin, 1981)
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2- APPARATUS AND EXPERIMENTAL PROCEDURE
2-1 Soils Studied
The soils utilized for both the field and laboratory compaction
studies were obtained from a cut and fill area in the relocation pro-
ject of State Road 37, about four miles south of St. Croix, Indiana.
They were shale and sandstone residuals of tan color with gray and red
mottling. Numerous friable sandstone rocks were present throughout
the mass, and some of the gray mottled areas of the soil had a shaly
structure. The results of classification tests on both the field and
the laboratory compacted soils are shown in Table 2.1. The cause for
the difference between the soils used for field and laboratory studies
can be seen from boring logs (IDOH) shown in Figure 2-1. The soil
taken for laboratory compaction was from greater depths (5.5 to 13.0
ft). The upper soils (0 to 5-5 ft) were to be used for the test pad
base only, with the deeper soils being compacted in the pads proper.
However, there was an inadvertent mixing of the two. The two soils are
almost identical in appearance. Typical moisture-density curves for
both laboratory and field test pad soils are shown in Figure 2-2. They
were obtained by the impact compaction method. The test pad soil, with
lower plasticity, had a higher density than the soil with higher plas-
ticity. It can be seen that the efficiency of compaction decreased for
all levels of water content as plasticity increased.
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2-2 Field Compaction Samples
2-2-1 Test Pad Construction
Ten test pads were constructed in the fill area of the relocation
TABLE 2-1 Index Properties and Classification of St. Croix Clay
Atterberg Limits (%)
Mean (low, high)















Specific Gravity 2. 79 2.80
Percent finer than 0.002 mm
(Clay Content)
3U UO
Skempton's Activity, A 0.65 0.73
Unified Soil Classification CL ::-:
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slightly moist stiff
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Figure 2-2 Impact Compaction Curve* for Test Pad and Laboratory
Study Soils
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project of State Road 37 in June 1978. Each pad was 14 ft (4.3 m)
wide by 116 ft (35.4 m) long. A subbase of varying thickness (4 to 5
ft or more) was constructed to provide a level base for the test pads.
The pads were placed as 8 in. (20 cm) loose lifts. During the compaction
process, water was sprinkled into the soil and the area was disked to
aid mixing.
The ten test pads were laid out as shown in Figure 2-3. Five test
pads were compacted by a RayGo Rascal model 420C vibratory drum com-
pactor, and five pads were rolled with a Caterpillar model 825 tamping
foot roller. The specifications of these two compactors are given in
Table 2-2.
For each roller type, the five test pads were brought to different
average water contents prior to compaction. The moisture contents were
indicated by "1" to "5" from lowest to highest moisture level. Test
pads 2, 3, 4, 7 and 6 were rolled by the Caterpillar roller; pads 1, 5,
8, 9 and 10 were rolled by the Rascal roller. Each test pad was sampled
following the completion of 4, 8, and 16 passes of the compaction
equipment over the pad. These samples were labeled "A", "B", and "C",
respectively, for identification of energy levels. Equipment was operated
at top speed in first gear for all passes and guided to prevent overlap
at the interface of adjacent coverages. The same equipment operator
was used for all compaction work. The Speedy Moisture Tester apparatus
and nuclear density equipment were used to determine the field water
contents and densities. Figures 2-4 and 2-5 show the moisture-density-
energy curves from field nuclear gage values for the Caterpillar roller
and Rascal roller, respectively. These plots indicate large variability
within the compacted soil mass. The scatter could be produced by
62
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TABLE 2-2 Field Compaction Equipment Specifications
CaterpilJar Model 825
Dimensions
Length, with dozer 23 ft k in. Each drum width kki$ in
.
Width, w/o clearers 11 ft 11 in. Max. ballast
v/o dozer 12 ft 6 in. per wheel 2kk U.S. Ga
v/o dozer 13 ft lh in. Bulldozer dimenslions





w/o dozer 59,000 lb Maximum Speeds




No. of Drums It 2 7-0
No. of Pads /Drums 65 3 17.0
RayGo Rascal Model U20C
Dimensions No. of Drums 1
Length, with blade 18 ft 9 in. No. of Pads/Drums lUO
Width 9 ft Each drum width 81+ in.
Wheelbase 9 ft Maximum Speeds








Frequency 18 to 25 Hz
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Figure 2-4 Rascal Compaction Curves for Field Nuclear Gage
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Figure 2-5 Caterpillar Compaction Curves for Field Nuclear Gage
Values (After Terdich, 1981)
>;.
variations in compact ive effort, soil type, arid compaction water con-
tent. Sampling and testing can also introduce variability.
2-2-2 Field Sampling
After the required number of passes had been completed, field sam-
pling of the test pad was started. Each pad was laid out in a 2 ft by
2 ft (0.6 m by 0.6 m) grid pattern, and each grid was marked with con-
secutively numbered stakes. The required number of 300 sampling tubes
were lightly lubricated with silicone oil and were distributed to their
proper locations, along with labels and plastic bags. The sample tubes
for the strength tests were made from steel tubing with an internal dia-
meter of 1.87 in (i+. 75 cm) , an external diameter of 2 in (5.08 cm), and
7.0 in (17.78 cm) in length. The locations of sampling within each
grid had been determined using a random number process. For this study,
ten samples were taken for each combination of compactor type, water
content level, and energy level. A total of 840 samples were collected
for the entire project, of which 300 were taken for the work on strength.
A typical sample label, and its explanation, is shown in Figure 2-6.
Sampling tubes were driven into the ground with a drop hammer at
the specified grid location and at the bottom of a taper-foot depression
made by the roller. The driving assembly, with tube, is shown in
Figure 2-7. The 16.7 lb (7-6 kg) weight fell 28 in (71 cm) producing
about 40 ft-lb (54 N-m) of energy per blow, with numerous blows (usually
10 to 25) being required to fully drive each tube. The total weight
of driving assembly is 27-5 lb (.12.5 kg), light enough to be operated by














Sample number for the compaction
condition indicated above
Grid location in the East-West
direction
Grid location in the North-South
direction
Figure 2-6 Typical Field Sample Label
Figure 2-7 Driving Assembly with Sampling Tube
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wrapped in plastic bags, labeled, and carefully transported to the
extruding area. Samples were then extruded from the tubes using either
an hydraulic jack, as shown in Figure 2-8, or an electrically driven
loading press. Each sample was wrapped in plastic, covered with a
cheesecloth, and coated with paraffin. They were then placed into
plastic bags along with their labels, packed into 5 gallon metal cans
and transported to the Geotechnical Engineering Laboratory at Purdue
University.
Two factors which contributed to compaction water content varia-
bility during sampling were: (1) the wheather during sampling was
warm (daily temperatures of 90°F +) ; and (2) four to six hours elapsed
from start to finish of sampling for a single test pad. Although efforts
were made throughout the sampling program to mitigate moisture losses,
some losses probably did occur.
2-3 Experimental Design
Laboratory studies for the strength of field compacted St. Croix
clay consisted mainly of two sets of experiments.
The first set of experiments (UU tests) was to determine the
as-compacted strength of field compacted clay. The independent variables
were:
1. Moisture content - Five levels of moisture content were used
for this study.
2. Type of compaction equipment - Two types of rollers were used;
one was a RayGo Rascal model 420C padded vibratory drum com-
pactor and the other was a Caterpillar model 825 tamping foot
roller.
7C
Figure 2-8 Hydraulic Jack Used for Extrusion of Tube Samples
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3. Compaction energy level - Three levels of energy were U3ed,
viz., 4.8, and 16 passes of the roller.
4. Confining pressure - Three levels of confining pressure, viz.,
10, 20 and 40 psi, approximating depths of 11.5 ft (3.5 m)
,
23 ft (7.0 m) , and 46 ft (14 m) in the embankment, respectively,
A completely randomized factorial design was used (see Table 2-3).
This set of experiments required a total of 90 specimens
.
The second set of experiments was to investigate the long term
shear behavior (CIU) of field compacted clay. The independent variables
were the same as for the first set, except moisture content was held to
four levels. The experimental design is shown in Table 2-4. A total
of 72 specimens were required.
2-4 Preparation of Specimens
The field samples had been wrapped in plastic, convered with cheese-
cloth, and heavily coated with paraffin. Therefore, the first step in
the trimming process for field samples was to remove the wax and cheese
cloth covering. The samples were trimmed with a sharp pen knife, so
that the lengths were approximately 106.7mm (4.2 in.). The ends were
trimmed perpendicular to the axis of the sample cylinder. Any voids
around the perimeter of the sample cylinder were filled with soil shav-
ings. Sample number, field location, initial height and diameter, and
wet weight were recorded for each sample. Also, other notes were made
throughout the trimming process such as: color, defects, irregularities
of shape, homogeneity, moisture content, and the location of rocks and
voids. The initial water content was determined from the trimmings.
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low water content compacted with low energy were quite brittle and
very difficult to trim. Some of these had insufficient height due
to problems of the field sampling. Samples in the low and inter-
mediate water content ranges sometimes showed distinct zones of diff-
ering water contents. This was due to the incomplete mixing of water
into soil lumps which were at different initial water contents. Wet-
side samples produced the longest and most uniform samples. Rock
fragments were found in all samples, and some samples were destroyed
because large rocks were present. Certain samples showed horizontal
cracks, while others showed distinct horizontal interfaces between
individual lumps of soil.
At the end of the trimming process, the UU test sample was placed
on the base pedestal. The specimen then was encased in two thin rubber
membranes which were sealed to the specimen cap and base by four rubber
O-rings. The cap and base had a plane surface of contact with the
specimen and were of the same diameter as the specimen.
For CIU tests, the samples were wrapped with longitudinal filter
paper drains to accelerate back pressure saturation, consolidation,
and pore pressure equalization (Bishop and Henkel, 1962). Saturation
filter paper and porous stone discs having the same diameter as the
specimen were placed between the specimen and the base and cap. Two
membranes were used to protect against pinhole leaks. O-rings were
used to provide a leak-proof seal between the rubber membranes and
the loading caps and base pedestals. The triaxial chamber was then
positioned, clamped and filled with distilled deaired water.
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2-5 Strain Rate for Triaxial Testing
The rate of testing has a marked influence, in clay soils in
particular, on the pore pressures observed during undrained shear.
Whitman and Richardson (1962) indicated that a higher strain-rate
increased the deviator stress and decreased the magnitude of the pore
pressure change for normally-consolidated clay. It was necessary to
select a strain rate which allowed pore water pressure equalization
throughout the sample volume. A deformation rate of 0.106 mm (0.004 in.)
per minute for both UU and CIU triaxial tests was chosen, which trans-
lates to approximately 0.09 percent strain per minute. This rate was
the same as that used by Weitzel (1979) and Johnson (1979).
2-6 Unconsolidated-Undrained Triaxial Compression Test
The strength appropriate to the "short-term" or "as-compacted"
condition is the undrained shear strength, or more precisely the uncon-
solidated-undrained (UU) shear strength. This strength is determined
with no drainage, and hence no change in water content allowed. Also
the UU strength is in terms of total stresses, since the excess pore
water pressure during shear is not measured. The compressive strength
of as-compacted soil is highly dependent on void ratio and degree of
saturation. Because of the volume changes occurring during shear,
these initial conditions also change. Therefore, it is desirable to
measure the changes in volume.
2-6-1 Test Apparatus
The triaxial cell was manufactured by Geotest of Wheeling, Illinois.
The bearings and the seal around the piston are designed for no leakage
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of the confining fluid (water)
. A smooth base without drains was
machined and fitted to the base of the cell. The volume change measuring
device was designed by Chan (1967). It is basically a burette type of
instrument that measures the quantity of water which flows into and out
of the triaxial cell chamber due to changes in the sample volume. For
accurate measurement in a burette, the internal diameter of the tube
must be small. In this device, volume changes can be read to about 0.01%
of the initial volume of the sample. The volume change in the tube is
read by an oil-water interface. When the interface nears the end of the
tube, the flow can be reversed by the turn of a single valve. This
apparatus is shown in Figure 2-9.
Axial deformation was applied by a constant strain rate loading
frame manufactured by Wykeham Farrance. Load was measured by a proving
ring with a 1500 lb capacity. The sample deformation was measured with
a dial gage of 0.001 in. sensitivity.
2-6-2 Test Procedure
For the purpose of minimizing errors of volume change measurements,
silicon oil was placed between the cell piston and bushings, and the
piston was left in the up position to prevent loss of oil. After the
sample had been set up, the top of the cell was secured to the base,
and the cell was filled with distilled water. Next, the cell was con-
nected to the volume change measuring device. The pressure-controlling
device was adjusted to the desired cell pressure and the pressure was
applied to the cell fluid.
During an increase in cell pressure an expansion of the cell occurs,




Figure 2-9 Volume Change Measuring Device
-^
of water. The calibration curve for the cell expansion vs. confining
pressure is shown in Figure 2-10. The cell expansion over most of the
range of pressure was quite constant. The small diameter tube on the
right of the meter stick in Figure 2-9 could not be used to measure this
volume, since when the oil moved too quickly it would stick and separate.
Therefore, the large diameter burette on the left of the meter stick in
Figure 2-9 was used to measure volume change during application of the
confining pressure.
During the four hours period of testing, the triaxial cell also
underwent creep. The calibration curve for the cell creep volume change
vs. time is shown in Figure 2-11. According to Yoshimi (1958),
DiBernardo (1979), and Lin (1981), most of the volume change of as-
compacted soil occurred within a few minutes after load application.
Therefore, the volume change was measured after 10 min. of the applica-
tion of confining pressure. Since most of the cell creep occurred in
a short time, the piston was lowered to contact with the loading cap,
and the large burette remained open to the cell for 14 min.. At the
end of this time, the burette was closed and the valve to the fine measur-
ing tube was carefully opened. The axial loading was started one minute
later.
Errors of volume change may also be caused by changes in tempera-
ture. A calibration curve for temperature change is shown in Figure 2-12.
While the testing was done in a fairly constant temperature area, the
temperature could rise in the range of 0.2 to 0.6°C over a period of
four hours, due to equipment and body heat. This resulted in only very
minor volume change corrections.





Figure 2- I Calibration of Cell Expansion (After I Min.
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^mation, volume change and temperature were recorded. Volume change
readings were corrected using the calibrations for temperature, piston
displacement, cell expansion, and creep. The volume change due to
application of confining pressure was AV . The cross-sectional area
c
after application of confining pressure, A
,
can be determined as follows:
A I + AV = A I
c c c o o
AV
,., „ .
A I - AV A (1 - £- )then, A
c
= o o c = o An ln
c o o c
I
o





= the initial cross-sectional area
AV = AV - AV = the corrected volume change due to
application of confining pressure
AV = the measured volume change due to application of
confining pressure
AV = the volume change due to cell expansion (calibration
curve as shown in Figure 2-10)
I = the initial specimen length
A
c
= the specimen length after application of confining
pressure
\> = AV /A I = the volumetric strain occurring during
application of confining pressure
E
lc
= (^ - l
c
^ l = the axial strain occurring during
application of confining pressure
If the specimen is elastic and isotropic, e is going to be 1/3 v .
Then, Equation 2-1 becomes:
5}
A - A (1 ' V (2-2)
c
°a^W3)
The corrected volume change during shear can be computed from the
equation:
AV = AV - AV - AV - AV„, (2-3)
m e p T
where AV = the corrected volume change during shear
AV = the measured volume change during shear
AV the volume change due to cell creep (as shown in
Figure 2-11)
AV = the volume change due to piston displacement
AV the volume change due to temperature change (as
shown in Figure 2-12)
The average cross-section area, A, for a given applied axial load was
determined as follows
:
A - A (1 - v) (2-4)
(1 - e
l)
where A = the cross-sectional area after application of
confining pressure
v = the volumetric strain occurring during shear
e. the axial strain occurring during shear
Assuming linear elastic response, the variation of Poisson's ratio with






where u Poisson's ratio






" e, + 2e = volumetric strain
-^
This equation is valid for small strains. Values of the axial strain
and the volumetric strain were determined from the experimental UU data.
The triaxial test was run until the sample reached failure or to
20 percent axial strain. After the completion of the test, the cell
was drained and the sample removed.
For the determination of sample volume and final degree of satura-
tion, a procedure used by Weitzel (1979) was followed. The sample was
weighed in air on a Mettler P1210 balance (0.01 gm accuracy). Then the
sample was hand-dipped in melted wax until it was thoroughly coated.
The waxed sample was weighed in air and also weighed in water by sus-
pending it in a basket attached to the balance. Knowing the specific
gravity of the wax, 0.805, the volume of the sample was calculated using
Archimedes' princiDle. The wax was then cut away and the sample was
placed in a 105 C oven for water content determination. The final degree
of saturation was calculated knowing the total weight, the total volume,




= (V - V } x 100% (2_6)
T s
where V = total volume of the sample calculated by using
Archimedes principle
V = W /G volume of solids
W
g
= weight of dry solids
V = final volume of waterw
S- = final degree of saturation
Once the degree of saturation was known, the final void ratio was com-






where w = final water content, %
G = the specific gravity of solids
e = final void ratio
S
f
= final degree of saturation, %
2-7 Consolidated Undrained Triaxial Compression Test
The effective stress strength parameters are utilized for analysis
of long term stability. There parameters can be evaluated for various
compaction conditions through the performance of consolidated undrained
triaxial tests with pore pressure measurement. The consolidated un-
drained (CIU) test consists of three stages. The first stage is satura-
tion by back pressure. The second stage is volume change of the saturated
sample under isotropic confinement. The third stage is an axial com-
pression test with no drainage permitted from the specimen and measure-
ment of change in pore pressure during shear.
2-7-1 Test Apparatus
The high-pressure triaxial cell was manufactured by Geotest of
Wheeling, Illinois. Figure 2-13 shows a disassembled triaxial cell. A
standard laboratory loading device manufactured by Wykeham Farrance was
employed to furnish the constant strain rate in the test. Two nitrogen
gas cylinders and two Airco model 57-300 high pressure regulators with
integral purge assembly were used successfully as the pressure supply
in the test program. The cell pressure and back pressure were measured
by two calibrated Tyco model AB pressure transducers with 1379 kPa















ducers were calibrated and monitored with Hewlett Packard model 3476A
Digital Multimeters. Axial load was measured with a calibrated proving
ring, while axial deformation was monitored with a dial gage (sensitivity
of 0.0254 mm or 0.001 in.) attached to the loading piston.
2-7-2 Back Pressure Saturation
For the purpose of accurate and meaningful determinations of pore
water pressure, the specimen must be completely saturated before the
compression test is begun. During the saturation, even with extreme
care, some air will almost always be trapped in the lines, between the
membrane and the specimen, or within the specimen itself. Therefore,
a back pressure is commonly used to dissolve the pore air completely
into the surrounding pore water.
A schematic of the saturation and consolidation system is shown in
Figure 2-14. Using a high back pressure will increase the saturation
level of the specimen. Lowe and Johnson (1960), and Black and Lee (1973)
presented guidelines for the appropriate back pressure and the time re-
quired to ensure various levels of saturation from different initial
degree of saturation. These are shown in Figure 2-15A, B. Two back
pressures 965 kPa (140 psi) and 896 kPa (130 psi) have been used for this
study. The back pressure of 965 kPa was used for sample confining
pressures of 69 kPa (10 psi) and the back pressure value of 896 kPa was
applied for sample confining pressures of 138 and 276 kPa (20 and 40 psi).
To saturate the samples, a vacuum was applied to the loading cap
back pressure line and deaired distilled water was allowed to enter the
specimen through the bottom drainage line. Simultaneously, a cell
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totalled less than 48 kPa (7 psi) . A period of approximately 2 to 6
hours was allowed for the water to flow out of the top drainage line.
When the flow was clear of air bubbles, the top drainage valve was
closed. The vacuum line was then disconnected and replaced in the back
pressure loop. Thereafter, the sample was progressively saturated by
increasing the cell pressure and back pressure in equal increments,
without excessive cyclic loading of the samples. The procedure described
by Lowe and Johnson (1960) was followed. For the final consolidation
pressure of 69 kPa (10 psi), the cell pressure and back pressure were
incremented by 48 kPa (7 psi) at two hour intervals. A differential
of 21 kPa (3 psi) was allowed between them. For the final consolidation
pressure of 138 kPa (20 psi) or 276 kPa (40 psi)
, the cell pressure
and back pressure were incremented by 69 kPa (10 psi) with two hour
pressure equalization periods.
The method for checking saturation is based on the determination of
the B parameter as presented by Skempton (1954). The B parameter is
defined as the ratio of the change in pore water pressure in an undrained
triaxial specimen to an incremental change in the cell pressure, and may
be related to the degree of saturation. The B parameter has been shown
by various authors (Skempton, 1954, Wissa, 1969, and Lade, 1977) to be
a function of the soil's porosity, the compressibility of the soil struc-
ture and the pore water, the absolute pressure existing in the pore
fluid, and the degree of saturation. The B parameter may be expressed
as a function of these variables by using the equations below: (Skempton,
1954 or Lade, 1977)
B =
w





where n = porosity of the sample
C =
s
compressibility of soil skeleton




1 + n S (c /C ) + (n/c P ) (1 - S ) (2-9)r w s s a r
where P^ = absolute pressure in the pore liquid
S
r
= degree of saturation
According to these equations, B will decrease below unity for specimens
that are either not fully saturated or very stiff.
The method for determining the level of saturation was suggested
by Channev (1980). This check requires that the B value remain constant
when plotted against increasing back pressure, as shown in Figure 2-16.
In addition to the curve for the satisfactorily saturated case, two
other typical curves are presented in Figure 2-16. One if for an un-




After saturation had been achieved, generally within a period of
48 hours, the back pressure was maintained constant while the cell
pressure was increased to give the desired consolidation pressure (69,
138, 276 kPa). The back pressure line was opened and the expulsion
of water from each specimen into the fine burette was recorded. The
consolidation process was continued until primary consolidation was
complete and secondary compression was evidenced. The end of primary
consolidation was determined by Casagrande's logarithm of time method




Figure 2-16 Plot of B Versus Back Pressure with Typical
Sample R-esponses (After Cfianey, I 980)
>:
2-7-4 Undrained Shear
The valve to the back pressure line was closed following consolida-
tion. Axial load due to water pressure on the piston and bushing fric-
tion was deducted from the measured load by taking the proving ring
reading, just prior to contact of the piston and loading ball, as zero
axial load. A deformation rate of 0.09 percent strain per minute was
chosen. Axial compression was continued until the load reduced or to
slightly beyond the estimated 20 percent axial strain. After the sample
failed, the compression machine was shut off and reversed to remove the
sample load. The chamber pressure was released and the cell was removed
from the saturation and consolidation system. The sample was removed
from the cell and weighed in air. The final degree of saturation and void
ratio were determined by using equations 2-6 and 2-7, respectively.
J-
3- RESULTS AND DISCUSSION OF RESULTS
3-1 Analysis of Results
3-1-1 Field Compaction
The values of moisture content and dry density for field compaction
of St. Croix clay are tabulated in Table 3-1 and Table 3-2. The water
contents and dry densities are the average values of the field samples
compacted at the same nominal water content and nominal energy levels by
the same roller type. These field sample values were chosen from the
tests run in the swelling task (Terdich, 1981), the compressibility task
(Lin, 1981)
,
and this task (triaxial compression)
. The moisture-density-
energy relations of the Caterpillar tamping roller and Rascal vibratory
roller for three nominal energy levels: A (4 passes), B (8 passes), and
C (16 passes) are shown in Figures 3-1 and 3-2. These figures show that
the Caterpillar tamping roller is more efficient for this soil than the
Rascal vibratory roller. The moisture-density-energy relations of St.
Croix clay for laboratory compaction at Low Energy, Standard and Modified
Proctor impact levels, shown in Figure 3-1 and Figure 3-2, are available
from Terdich (1981). Soils used to define these laboratory impact com-
paction curves were obtained from test pads six and eight. The nominal
compactive foot pressure (P
c
) delivered to the soil during compaction by
the laboratory kneading compactor, the Rascal vibratory roller and the
Caterpillar tamping roller are shown in Table 3-3. The compactive foot
pressure is used as a variable in the subsequent statistical analyses.
The foot pressures of the Rascal roller and the Caterpillar roller were
computed by using the Equations 1-28 and 1-29 from Table 1-6.
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Figure 3-2 Correspondence Between Rascal Roller and Impact Method

























tion variables. Initial degree of saturation (Sr, 7.) and Initial void
ratio (eQ ) are calculated from the values of dry density, moisture con-
tent, and specific gravity of solids. The plasticities of the soil com-
pacted in the laboratory and the soil compacted in the field were differ-
ent, and the compaction efficiencies of the two soils at the same energy
level were also different. The plasticity indexes are potentially use-
ful in adjusting the relationships. Table 3-4 shows the variation of
Atterberg limits for each test pad.
3-1-2 Unconsolidated-Undrained Shear Strength
The density-water content relationships for triaxial samples before
testing are shown in Figures 3-3, 3-4, and 3-5. For comparison, the
curves from laboratory impact compaction are superimposed on these
figures. Figure 3-6 shows the joint region of water content and dry
density values for the UU triaxial tests.
The results of failure conditions for UU triaxial tests are given
in Table 3-5. The principal stress different at failure was defined at
peak stress or the stress at approximately 20% axial strain.
3-1-2.1 Stress-Strain Behavior
Typical stress-strain curves for as-compacted soils in UU tests
with 69 kpa confining pressure are shown in Figure 3-7. These results
are quite similar to those of Seed and Chan (1959) shown in Figure 1-3.
The samples with lower water contents and highly negative pore water
pressures have much steeper stress-strain curves. Hence, less strain
is required to mobilize the total shearing resistance. Samples with the
higher water contents have flatter stress-strain curves and continue to
i;.
TABLE 3-h The Variation of Atterberg
























CI Uo.8 2.7 17.1+ 0.1 21.0 1.0
C2 1+0.8 6.1+ 18.6 1.5 23.3 1.6
C3 37.5 1+.2 19-0 1.8 21.0 1.7
ck 1+2.2 2.0 19.3 1.9 22.3 0.6
C5 1+2.9 2.6 19.6 1.3 21+.8 2.4
Rl 36.0 1.2 17.7 1.1 18.1 1.1
R2 35.1 2.3 18.5 0.9 16.9 0.5
R3 38.8 1.3 17.8 0.8 20.1+ 1.9
Rl+ 1+3.6 fc.3 18.7 1.1+ 26.5 2.0
R5 1+1.9 3.7 18.1 0.5 21+. 5 1.1*
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Figure 3-3 Dry Density -Water Content Relationship Before Test
for UU Triaxial Test Specimens at 276 kPa Confinement
103
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Figure 3-4 Dry Density-Water Content Relationship Before Test
for UU Triaxial Test Specimens at I 38 kPa Confinement
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Figure 3-5 Dry Density-Water Content Relationship Before
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Figure 3-6 Joint Region of Observation for UU Compression
Strength Prediction Model
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TABLE 3-5 Failure Conditions for Lhconsolidated-
Undrained Triaxial Tests
Principal Stress Volumetric Axial Final Poisson 's
Different at Strain Strain at Void Rat io atSample Failure Failure Failure Ratio FailureNo. (<*1 - cJ 3 ) f (kPa) % % f
C1A1(276) 80U.3 1.03 6.94 0.506 0.1+26
C2A6(276) 789.8 0.90 5.87 O.1+97 0.1+23
C3A3(276) 1005.6 I.67 7.17 0.501+ 0.384
CUa8(276) 235.6 O.67 16.29 0.57 0.1+80
C5A1(276) 378.3 1.02 9.1+2 0.527 0.1+1+6
C1B2(276) 1166.9 0.81 7-37 O.I+72 0.1+1+5
C2B2(276) 7^6.5 1.51 7.7 0.513 0.1+02
C3B8(276) 959-3 2.61 13.0 0.501 0.399
CUB10(376) kk9.S 2.32 16.33 0.503 0.1+29
C5B10(276) U78. 3 1.02 18.38 0.51+1 0.1+72
C2C6(276) 685.9 1.05 13.71 0.1+85 0.1+62
C3C8(276) 693.6 1.00 13.65 0.1+25 0.1+63
C4C10(276) 30U. 3 0.81+ 15.72 0.542 0.1+73
C5CM276) 621+.0 1.11 17-95 0.1+9 O.I+69
R2A10(276) U61.7 1.68 12.52 0.569 0.1+33
R3A1(276) U65.8 3.0 11.35 0.51+7 0.368
EhAk(2f6) 508.6 0.6l 17.18 0.1+8 0.1+82
R5A2(276) U16.I 1.32 19.57 0.51+1+ 0.1+66
R2B10(276) 988.7 2.39 17.66 0.1+90 0.1+32
R3B6(276) 1138.8 1.70 10.36 O.1+65 0.1+18
Ri+B7(276) 390.1+ 1.02 8.9 0.50 O.1+++2
R5B9(276) 532.6 2.07 19.66 0.521+ O.1+I+7
R1C9(276) 1013.0 1.83 8.28 0.508 0.39
R2CM276) 855.2 1.03 19.71 0.1+75 0.1+71+
R3C10(276) 50^.9 3.1+2 15.75 0.1+87 0.392
Rl+C8(276) 382.0 1.07 13.78 0.513 0.1+61












Ratio atSample Failure Failure Failure Ratio FailureNo. (a
1
- a
3 ) f (kPa) % % e f U f
C1AM138) 536.3 1.62 5.96 0.569 0. 36^
C2A2(138) 781.1 0.55 5.1+5 0.1+92 0.1+5
C3A10(138) 539-U 1.56 8.55 0.565 0.1+09
CUA1(138) 235.6 0.98 17.35 0.535 0.1+72
C5A10(138) 26k. J 1.21 8.23 0.539 0.1+26
C1B3(138) 1152.3 0.1+7 2.751+ 0.1+73 0.1+11+
C2B9(138) 691.1 O.76 7.16 0.566 0.1+1+7
C3B9(138) 650.1 1.1+2 5.67 0.1+71 0.375
C4B2(138) 195.3 0.99 8.53 O.5I+8 0.1+U2
C5B9(138) ^72.9 1.U3 19.11 0.536 0.1+63
C1CU(138) 1156.7 0.79 1+.1+8 0.1+73 0.1*12
C2C10(138) 771. k 1.01+ 7.4 0.515 0.1+3
C3C2(138) 546.1+ 0.88 13.67 0.605 0.1+68
C4C9(138) 278.3 O.78 11.03 O.56I+ 0.465
C5Cl(138) 390.7 0.1+7 19.02 0.1+91 0.1+88
R1A2(138) 562.9 2.19 8.9 0.61+ 0.377
R2A3(138) 51+5-7 1.19 19.88 0.528 0.1+70
R3A9(138) 538. U 2.31 11+.85 0.557 0.122
R4A2(138) 312.8 1.21+ 8.85 0.555 0.1+30
R5A3(138) 201.8 0.60 11.1+9 0.5!+ 0.1+74
R1B9(138) 721.1 0.80 10.37 0.535 0.1+62
R2B2(138) 610.1 0.53 7.67 0.1+92 O.I+65
R3B5(138] 309.7 2.39 19.92 O.51+8 0.1+1+
Rl+B6(l38) 334.2 1.22 11.33 O.1+87 0. 446
R5B8(138) 186.8 0.88 16.08 0.566 0.1+73
R1C8(138) 597-5 0.19 19.89 0.512 0.1+95
R2C6(138) 736.0 1.11+ 9.52 0.1+97 0.1+1+0
R3C3(138) 311.3 0.82 18.89 0.517 0.1+78
Rl+C7(l38) 502.5 0.53 8.67 0.1+65 0.1+70

























C1A2(69) 859-3 1.0U 3.38 0.507 O.3I+6
C2A3( 69
)
^95-0 0.69 7.1+7 0.532 0.I+5U
C3A7(69) U96. 2 0.52 I+.906 O.606 0.1+1+7
CUa6(69) 11+3.2 0.65 1+.527 0.605 0.1+28
C5A2(69) 1+12.3 1.1*2 10.1 0.1+33 0.1+30
C1B1(69) 611.3 0.83 2.76 0.587 0.35
C2B3(69) 330.3 0.88 7.1+3 0.591 0.1+1+1
C*+B8(69) 678. U 0.87 5.85 0.1+99 0.1+26
C5B3(69) 233.6 O.38 3.1+5 0. 51+0 0.1+1+1+
C1C5(69) 685.7 0.73 1+.35 0.50U 0.1+16
C1CT(69) 1319. ** 0.72 3.28 0.1+51+ 0.389
C2C9(69) 657.2 1.1*6 7.11+ 0.1+22 0.398
C2C7(69) 677.2 0.76 3.98 0.55 0.1+05
C3C3(69) 809. k 0.78 1+.60 O.I+76 0.1*15
cl*ci(69) 281.9 1.02 15.73 0.1+92 0.1+68
C5C10(69) 21+0.3 0.9I* 6.71+ 0.570 0.1+ 30
R1A7(69) 1+26.6 0.72 5.18 0.736 0.1+31
R2A8(69) 381.6 0.98 5-78 0.5b 0. 1*15
R3A10(69) 295.9 1.31* 7-78 0.577 0.1+11+
Rl*A7(69) 293.9 0.85 9-05 0.557 0.1+53
R5A10(69) l+OU.O 0.61 3.78 0.526 0.1+2
R1B1(69) hlk.k 0.29 6.88 0.629 0.1+79
R2B7(69) 716.2 0.3 5-6 0.533 0.1+73
R3B10(69) 391-1 0.57 16.9 0.672 0.1+33
RkBk{69) 1+27.0 0.1+7 6.09 0.525 0.1+62
R5B3(69) 326.1* 0.73 6.1+ 0.51+5 0.1+1+3
R1C5(69) 607.I 0.22 5.67 0.508 0.1+8
R2C5(69) 690.6 0.1+3 1+.93 0.536 0.1+57
R3C1(69) 1+80.7 -1.26 15.33 0.608 0.51*1
R^C9(69) 376.1 0.61 7.1+7 O.I+93 0.459




















O R2B7(69) 1842.8 14.1
R 1 B 1 (69) 1750.8 147
A R3BI0(69) 1724.8 15.4
+ R5C9(69) 1785.3 185
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Figure 3-7 Axial Stress and Volumetric Strain Vs. Axial Strain
for Sample R2B7, R I B I , R3B I 0, R5C9
:::
increase in strength at very high strains.
The strain behavior is also dependent on the volume changes that
occur in the sample. With low confining pressure, dry-of-optimum samples
reach the maximum amount of dens ification under shear and then begin to
dilate. The maximum deviator stress is reached shortly after the dila-
tion begins.
The volume change due to shear seems to be related to the compactive
prestress which has been induced in the sample. Lin (1981) developed a
compactive prestress regression model for the field compacted St. Croix
clay. The prediction model is
P
=
= -160.99 - 0.0063w2 • P + 27.04 P ^ (3-1)S C C
wnere P = predicted value of compactive prestress, kPa
w = Water content, %
P = compaction pressure, kPa
Using the compaction variable values of this study, values of predicted
prestress were calculated by Equation 3-1. The value of overconsolida-
tion ratio (OCR) is defined as the ratio of predicted prestress (P )
s
and confining pressure (a
£)
. Figure 3-8 shows the relationship between
volumetric strain due to shear up to failure and OCR. It can be seen
that the volumetric strain at failure decreases with increasing OCR.
Table 3-6, which gives the values of OCR and the volumetric strain at
failure and at the end of the test, shows the dilatant behavior for low
water content samples with high OCR.
Table 3-7 shows the results of all volume changes during the tests.
The higher confining pressures cause more densification to occur in low
water content samples, as evidenced by comparison of Figures 3-9 and




Figure 3-8 OCR Vs. Volumetric Strain Due to Shear Up
to Failure
TABLE 3-6 Values of OCR, Volumetric Strain
at Failure and at End of Test
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Volumetric Strain Volumetric Strain
Sample at Failure, at Test End, OCR = ^ 3 /-,
No. % %
C1A1(2T6) 1.03 1.02 L.7I1
C2A6(2T6) 0.90 0.79 1.76
C3A3(2T6) 1.67 1.67 1.83
cUa8(276) O.67 O.67 1.1+1+
C5A1(2T6) 1.02 1.07 1.58
C1B2(2T6) 0.81 0.63 2.25
C2B2(2T6) 1.51 1.89 2.26
C3B8(2T6) 2.6l 2.57 2.1+2
CUB10(2T6) 2.32 2.32 2.02
C5B10(2T6) 1.02 1.02 1.85
C2C6(276) 1.05 1.02 2.63
C3C8(276) 1.0 0.95 2.76
CUC10(276) 0.81+ 0.81+ 2.09
C5CU(276) 1.11 1.11 2.1+2
ClAi+(l38) 1.62 1.31 3-5
C2A2(138) 0.55
-0.02 3.7
C3A10(138) 1.56 1.37 3.1+9
CUA1(138) 0.98 0.98 3.13
C5A10(138) 1.21 1.20 3.12
C1B3(138) 0.47 0.16 1+.61
C2B9(138) 0.76 0.20 1+.1+8
C3B9(138) 1.1+2 1.11+ 1+.96
CUB2(138) 0.99 1.01 3.72
C5B9(138) 1.U3 1.20 1+.11+
ClCl+(l38) 0.79 0.38 5.59
C2C10(138) 1.04 0.80 5.61
C3C2(138) 0.88 0.60 5.05
CUC9(138) 0.78 0.78 U.16











OCR = Ps /o,.
R1A2(138) 2.19 2.02 3.67
R2A3U38) 1.19 1.19 3.U5
R3A9(138) 2.31 2.30 3.56
RUA2(138) 1.2U 1.27 3.12
R5A3U38) 0.60 0.6l 3.09
R139(138) 0.80 O.UO 4.29
R2B2(138) 0.53 0.38 U.01
R3B5(138) 2.39 2.39 3.83
Ri+B6(l38) 1.22 l.ll* 4.07
R5B8(138) 0.88 0.88 3.29
R1C8(138) 0.19 0.19 1+.59
R2C6(138) 1.1U 0.92 5.07
R3C3(138) 0.82 0.82 1*. Ul*
R4CT(138) 0.53 0.1*1 4.95
R5C1(138) 0.8U 0.85 4.64
R1A7( 69) O.72 0.06 7.46
R2A8(69) 0.98 0.73 7.01
R3A10(69) 1.3U 1.21+ 7.07
Ri*A7(69) 0.85 0.78 6.23
R5A10(69) 0.61 0.16 7-3
R1B1(69) 0.29 -0.18 8.23
R2B7(69) 0.3
-0.35 8.1*1
R3B10(69) 0.57 0.57 8.06
Ri+BU(69) 0.U7 0.13 7.55
R5B3(69) 0.73 0.59 7-52





Ri+C9(69) 0.61 0.52 8.94











OCR = Ps /a
C1A2(69) 1.04 0.86 7.6
C2A3(69) 0.69 0.22 6.8U
C3A7(69) 0.52 -0.6 7.25
c4a6(69) O.65 0.68 5.67
C5A2(69) 1.42 1.27 6.62
C1B1(69) 0.83 0.44 9.68
C2B3(69) 0.42 0.06 8.84
C4b8(69) 0.87 0.78 8.91
C5B3(69) 0.38 0.29 7.90
C1C5(69) 0.73 0.10 11.42
C2C9(69) 1.U6 1.25 10.63
C2C7(69) 0.76 0.74 9.19
C3C3(69) 0.78 0.28 11.16
C4ci(b9) 1.02 1.0 10. lu
C5C10(69) 0.9^ 0.91 9-17
R2A10(2T6) 1.68 1.75 1.65
R3A1(2T6) 3.0 3.12 1.70
r4a4(276) 0.6l 0.60 1.68
R5A2(276) 1.32 1.32 1.52
R2B10(27b) 2.39 2.32 2.13
R3B6(276) 1.70 1.60 2.29
RUB7(27b) 1.02 1.08 1.88
R5B9(276) 2.07 2.07 1.87
RlC9(27b) 1.83 1.86 2.67
R2C4(27b) 1.03 1.03 2.41
R3C10(276) 3.42 3.49 2.49
RUC8(276) 1.07 1.08 2.13
R5C8(27o) 0.86 0.92 1.82
U5
TABLE 3-7 Volume Change Data
Symbols in Table:
V




= original sample volume of voids prior to test, cm 3
v
ao
= original sample volume of air prior to test, cm 3
AV
c
= change in volume occurring during application of
confining pressure, cm 3
AV
sh ~
chanSe in volume occurring during shear up to failure, cm 3
V
f =
final sample volume after triaxial test (determined by
waxing method) , cm3
S
f








c sh Vf s f
C1A1(276) 185.82 65.17 12.71 0.86 1.93 131.3 95.91
C2A6(276) 189.52 66.05 13.9^ 1.09 1.73 18I+.17 85.0
C3A3(276) 175.76 63.3U 19.81 2.59 2.98 168.22 76.88
CU8(276) 193.85 75.61 8.91 1.57 1.29 I85.1+5 99-0
C5A1(276) 183.75 67.68 8.7 1.18 1.96 176.91 96.1+6
C1B2(276) 189.69 63.27 12.72 0.8 1.97 185.90 8i+. 6*+
C2B2(276) 193.23 67. 1+8 17.83 1.86 3.61 189.52 76.92
C3B8(276) 190.06 71.25 31.3 1+.83 1+.88 177.1+5 67.01+
CUB10(276) 186.98 66.09 8.75 1.18 I4.31 181.1+0 91*. 01
C5B10(276) 190.8 70.72 7.9 1.1+1+ 1.93 18U.7 96.7
C2C6(276) 187.75 63.62 11.68 0.93 2.08 I83.6 86.25
C3C8(276) 182.78 57-77 9.1+6 1.86 1.90 177.71 90.81+
CUC10(276) 181+.52 69.3 8.1*2 2.53 1.53 177. !+3 97-57
C5CM276) 19^.2 68.2b 9.83 0.83 2.15 137.26 9l+. 77
R2A10(276) 187.95 78.17 26.1+9 1+.03 3.22 176.38 82.77
R3A1(276) 189.82 75.02 21*.
1








ao AVC AVsh vf
R4A4(276) 186.93 64.61 9-17 1.82 1.20 180.81 94.34
R5A2(2T6) 191-97 72.11 9-07 1.06 2.52 184.71 96.73
R2B10(2T6) 182.92 65.92 21.1*2 1.54 4.1+8 173.75 77.6
R3B6(2T6) 198.54 68.12 28.31 1.02 3.37 190.01 65.58
Rl+BT(2T6) 191.85 68.34 9. 21+ 0.67 2.06 184.92 95-77
R5B9(2T6) 189.33 71.32 14.46 2.27 3.88 179.51 92.04
R1C9(276) 195-01 69.67 24.73 1.4U 3.63 187.69 70.59
R2c4(276) 184.25 63.28 11.17 0.54 1.9 178.08 90.7
R3C10(276) 192.07 71.55 22.12 3.3 7.14 178.09 84.13
RUC8(276) 192.45 69.32 7-99 0.64 2.08 186.01+ 96.99
R5C6(276) 192.39 74.59 8.03 2.27 1.74 185.78 97.38
C1a4(138) 198.09 75.96 23.49 2.69 2.56 189.91 75.44
C2A2(138) 173.75 60. 4i 17-72 1.76 0.05 168.1+1+ 76.64
C3A10(138) 176.08 69. 04 22.69 4.67 2.37 164.98 76.63
CUA1(138) 187.61 69.69 9.16 0.96 1.78 180.74 95.84
C5A10(138) 191.41* 74.13 13.42 1.41+ 2.28 184.62 87.81
C1B3(138) 186.96 63.72 16.82 O.58 0.23 180.77 80.42
C2B9(138) 185.76 69.95 23.07 I.89 1.07 179.54 71.83
C3B9(138) 202.72 71.25 30.54 3.97 2.27 191.39 65.61
CUB2(138) 185.94 69.58 ' 9.14 0.71 1.83 179.75 94.85
C5B9(138) 205.95 77.23 18.08 2.62 2.52 196.69 85.76
C1CU(138) 174.10 58.50 14.82 1.31 0.57 169.69 79.87
C2C10(138) 200.22 71.87 23.53 1.60 1.68 192.79 73.10
C3C3(138) 169.71 67.48 22.3 3.87 1.16 161.94 73.08
C4C9(133) 202.18 76.91 10.51 0.58 1.54 195.55 93.87
C5 01(138) 195.77 68.32 10.07 1.22 0.94 189.63 93.12
R1A2(138) 187.09 77.1 36.2 3-52 3.99 177.16 53.08
R2A3(138) 192.67 70.65 17.78 1.22 2.51 186.01 82.11
R3A9(138) 191.48 73.9^ 26.38 1.86 4.49 181.72 72.48
R4A2(138) 193.77 72.81 11.06 1.57 2.35 187.42 91.92







vo Vao AVc AVsh Vf -
R1B9(138) 178.28 67.55 25.97 1.15 0.95 173.99 6u.2
R2B2(138) 196.21 66.1 9.83 1.07 0.80 193.43 87.89
R3B5(138) 180.86 71.12 20.08 3.58 4.38 172.63 84.94
R4b6(138) 192.5 67.09 14.22 2.59 2.22 185.67 86.65
R5B8(138) 194.13 73.85 7-41 0.10 1.64 188.16 97-51
R1C8(138) 198.07 69.2 9-95 2.14 0.46 192.27 89.72
R2C6(138) 193.2 68.23 18.44 2.59 1.31 185.32 80. 11
R3C3(138) 188.75 68.75 11.41 0.70 1.55 181.76 92.37
RUC7(138) 196.48 65.23 10.82 0.29 0.76 191.57 89.05
R5C1(138) 189. Uo 67.68 12.49 1.44 1.55 183.56 87.67
C1A2(69) 195.67 66.53 21.48 0.22 2.03 189.61 68.67
C2A3(69) I80.96 64.65 12.35 0.35 1.25 177.04 84.51
C3A7(69) 199.22 72.92 22.68 0.54 1.03 196.57 65.58
CkA6(69) 194.54 75.53 7.43 0.28 1.27 189.81 94.67
C5A2(69) 193.4 68.54 9-33 0.58 2.73 189.95 89.12
CIBK69) 186.0 69.51 9.46 2.56 1.53 181.28 57.0
C2B3(69) 194.76 67.36 29.58 0.54 0.81 189.95 80.55
C3B3(69) 209.44 78.40 16.97 0.32 1.83 205.89 35.69
CUB8(69) 193.0 63.15 9.64 0.23 1.67 189.53 81.77
C5B3(69) 194.44 69.33 11.09 0.0 0.75 191 • 01 90.42
C1C5(69) 179.53 60.29 7.13 1.13 1.31 175.57 71.36
C1C7(69) 174.23 55.38 15.68 0.0 1.26 170.89 75.7
C2C9(69) 189.59 64.83 17.10 0.0 2.73 186.31 78.5
C2C7(69) 192.58 72.34 15.33 0.74 1.45 185.62 88.93
C3C3(69) 199.94 64.8 13.47 0.95 1.56 194.26 79.82
C4ci(69) 199.06 67.57 9-73 0.41 2.02 194.39 39.43
C5C10(69) 191.88 68.70 8.42 0.90 1.81 189.74 35.94
R1A7(69) 189.82 73.44 32.33 2.87 1.35 188.92 47.97
R2A8(69) 202.58 74.35 20.70 1.73 1.96 195.69 74.07
R3A10(69) 201.24 74.78 22.33 0.63 2.69 195.10 76.52
Ri+A7(69) 194.02 70.62 7.69 0.0 1.65 191.13 91.56








ao AV C AVsh vf Sf
R1B1(69) 195-27 72.68 21.1+1 0.85 0.572 192.29 65. Ul
R2BT(69) 180.67 61.29 1U.32 0.29 0.55 179.71 73. 7U
R3B10(69) 169. 81+ 61+. 83 19.51 O.98 I.67 167.38 63.8
RhBk{ 69) 190.73 67.12 8.50 0.16 0.81 187.16 90.22
R5B3(69) 189.26 68.1+7 10.78 1.26 1.38 133.19 87.58
R1C5(69) 201+.37 69.95 13.09 0.0 0.1+6 201.21 83.22
R2C5(69) 193.70 65.9^ 15.31 0.0 0.83 191.77 73.9
R3C1(69) 211.1+0 75.71 29.^5 0.76 -2.02 209.33 56.06
Ri+C9(69) 183.89 62.1+2 4.82 0.5 1.13 180.1+5 96.36

























Figure 3-9 Water Content Vs. Volumetric Strain During Application
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pads, it still can be seen that the volumetric strain due to application






- log ( qc/2) Relationship
DaCruz (1963) found a linear relationship between the product of
void ratio and the square root of degree of saturation at failure
( e
fVSf) and the logarithm of one half the stress difference at failure
( c/2)
.
A similar plot of the field compacted St. Croix clay is shown
in Figure 3-11. The linear relationship of Figure 3-11 is statistically
2
represented by the equation (R =0.66)




The variabilities in volume change and compressive strength are
caused in part by moisture variability and possibly losses during stor-
age. Distinct zones of different water content and large rocks were
encountered in some specimens
.
Table 3-5 also shows that the values of Poisson's ratio at failure
range from 0.35 to 0.54. The values of Poisson's ratio were calculated
by assuming the stress-strain curve was a linear elastic response. For
dry-of-optimum samples, those values were close to the values of Poisson's
ratio in elastic material.
3-1-3 Consolidated-Undrained Shear Strength
The initial dry density-water content relationships for CIU tri-
axial tests are shown in Figures 3-12 and 3-13. Figure 3-14 shows the
joint region of water content and dry density values for CIU triaxial
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Figure3-I2 Caterpillar Dr^SDensity-Water Content Relationship
Before Test for CIU Triaxial Test Specimens
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Figure 3-13 Rascal Dry Density-Water Content Relationship
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Figure 3- I 4 Joint Region of Observations for CIU Compression
Strength Prediction Model
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Table 3-8 lists the initial and final degrees of saturation for each
of the samples saturated prior to shear. Each initial degree of satura-
tion was obtained through calculations utilizing the specific gravity,
the as-compacted moisture content and the dry density. For the calcula-
tions of final degree of saturation, the values of moisture content and
dry density after shear were determined by weighing the waxed samples
in air and in water. The range of the final degree of saturation values
is from 97 to 102 percent, with the majority of the values between 98.5
and 100 percent. All of the values of final degree of saturation are
measured after the samples has expanded in response to release of the
confining pressure and back pressure. The expansion of the sample may
cause an inflow of water from the porous stones and drainage line, and
a build-up of negative pore pressure. This response usually occurs in
samples compacted to high energy levels. It can be seen from Table 3-8
that the final degree of saturation for many higher energy level samples
is over 100 percent.
The theoretical back pressures were determined from Figure 2-15A
or calculated from the equation (Lowe and Johnson, 1960) below.




i 1 - Sf (l-H)
(3" 2 >
"here Aul = the change in pressure corresponding to
a change in saturation from S. to S






H = Henry's constant = 0.018 cc of air/per
1 cc of water
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TABLE 3-8 Back Pressures Required to Attain the Experimentally
Observed Degree of Saturation
C — 1 S. s
Theoretical Experimental
Sample 1 D f Back Pressure Back Pressure Final B
No. {%) (.$) AuT (kPa) Aug (kPa) Parameter
C1A9(276) 65.6 100.5 1903 897 O.98
C3A5(276) 81+. 1+ 98.7 863 897 0.98
Ckkh{2-je) 88.5 98.6 636 897 0.98
C5A5(276) 81.9 102.1 1002 897 1.0
C2B7(276) 7^.1 98.4 1^33 897 0-98
C1B1 0(276) 77-9 99.8 1223 897 0.97
C4B9(276) 83.2 102.2 930 897 0.98
C5B6(276) 90.5 100.3 526 897 1.0
ci09(276) 78.5 100.5 1190 828 0.96
0203(276) 9^.0 100.9 885 897 0.98
03010(276) 7^.9 101.2 1389 897 1.0
CUC5(276) 92.6 102.2 1+10 897 1.0
C2A5(138) 73-5 101.0 11+66 897 1.0
C3A1(138) 82.2 100.3 985 759 1.0
CU5(138) 90.1+ 99.5 531 897 0.98
C5A7(138) 88.5 99.0 636 897 0.98
C1B8(138) 85-3 100.8 813 897 0.97
C3B6(138) 68.7 100.2 1732 897 1.0
Ci+B5(l38) 77-1 100.0 1267 897 0.98
C5BU(138) 88.5 101.2 636 897 0.98
0201(138) 77.6 101.6 121+0 897 O.98
0301(138) 80.1 101.1 1101 897 0.98
Ci+C7(l38) 89.8 101.6 561+ 897 0.98
0508(138) 87.5 100.2 692 897 0.98
C1A3(65) 58.7 101.0 2285 966 1.0
C2A1(55) 77.8 101.6 1228 966 1.0
C3A9(63) 70.8 101.1+ 1616 966 1.0
CUA9(69) 84.8 101.2 81+1 621 0.99






Sample 1 f Back Pressure Back Pressure Final 3No. {%) {%) Au
T
(kPa) Au^ (kPa) Parameter
C3B2(69) 5^.9 98.9 2496 690 0.97
ChB6(69) 87.2 100.5 708 966 0.99
C5B8(83) 86.5 100.8 7^7 612 0.98
C2C"l+(70) 80.1+ 102.1 1085 966 1.0
C3C6(6l) 86.5 101.8 7^7 690 1.0
Ckc6(63) 91.1+ 100.0 I476 688 1.0
C5C7(69) 88.7 101.5 625 966 1.0
R1A3(276) 70.5 99.9 1632 897 1.0
R2A7(276) 67.9 98.1+ 1776 897 0.98
R3A5(276) 63.3 99-5 2031 897 0.98
R5A6(276) 88.3 99.8 647 897 0.98
R2B8(276) 78.2 98.9 1206 897 0.99
R3B8(276) 74.2 99-3 11+28 897 0.96
R4B1(276) 72.0 97.0 15^9 759 0.93
R5B6(276) 87. k 100.9 697 897 1.0
R1C3(276) 80.0 99.1 1107 897 1.0
R1C10(276) 75.8 98.8 1339 897 0.98
R3C2(276) 77.7 99.8 1231+ 897 1.0
R5C3(27d) 94.5 101.6. 304 897 0.97
R2A1(138) 81.3 100.1 1035 897 1.0
R3A3(138) 62.2 99.8 2092 897 1.0
Rl+A6(l38) 79.2 99.0 1151 897 0.98
R5A7(138) 87.0 100.7 719 897 0.98
R2B3(138) 69.3 98.6 1699 897 0.98
R3B7(138) 63.8 100.3 2003 897 1.0
R1+B9(138) 85.3 101.8 813 897 0.98
R5B2(138) 56.61 100.4 21+01 901+ 0.99
R2C9(138) 83.3 98.3 9^1 897 0.98
R3C9C138) 83.8 98.5 896 897 0.98





Sample 1 f Back Pressure Back Pressure Final BNo. {%) (%) Au
T (kPa) AuE (kPa) Parameter
R5C6(138) 90.8 100.1+ 509 897 O.96
R1AM69) 71.7 100.6 1566 966 O.98
R2A5(69) 83.9 99.7 891 966 1.0
R3A2(83) 73.9 99.3 ikkk 68k O.98
R5A8(60) 85.6 98.3 797 690 0.9^
R1B10(69) 85.0 99.7 830 966 1.0
R2B9( 66) 78.8 99.0 1173 966 1.0
R3B3(69) 71.9 100.0 1555 610 0.98
R5B4(69) 92.5 101.5 1H5 966 0.99
R2C3(69) 76.7 98.8 1289 966 0.98
R3C5(69) 92.7 101. 3 U15 966 1.0
R4c6(63) 87-9 98.5 670 690 0.96
R5CU(112) Sk.k 99-7 863 710 0.97
-:'.
S initial degree of saturation
S final degree of saturation
Since a vacuum was applied during the beginning of saturation, the
initial absolute pressure may have been less than one atmosphere. The
theoretical back pressure in Table 3-8 should be higher than the actually
required back pressure. The final degree of saturation, as indicated by
the measured B parameters are satisfactory.
3-1-3.1 Volume Change Due to Saturation
and Consolidation
The volume changes due to wetting and loading, particularly over
the long term, must be taken into consideration in the design of the
compacted embankment. These volume changes will produce either embank-
ment settlement or heave. For this study, long-term conditions were
simulated in the laboratory by back pressure saturation of the field
compacted samples under an isotropic state of stress. The equilibrium
percent volume change due to saturation and consolidation (AV/v ) is
o




± | - x 100%, where Ae = change in void ratio from
o
the as-compacted to the saturated-consolidated condition, and e = initial
o
void ratio.
The relationship between volume change (AV/v ) , initial void ratio
(eQ), and the consolidation pressure (a*) is shown in Figure 3-15.
From this figure, it can be seen that for a given consolidation pressure,
the percent volume change decreases with decreasing initial void ratio.
DiBernardo (1979), Johnson (1979), and Lin (1981) obtained similar re-
sults for compacted clay from the St. Croix site.
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o e f (+ = Settlement)
C1A9(2T6) 0.659 0.550 6.57
C3A5(276) 0.529 0.1+78 3.336
CkAk(2-j6) 0.583 0.51+2 2.59
C5A5(2T6) 0.569 0-530 2.1+86
C1B10(276) 0.1+80 0.1+71+ 0.405
C2B7(276) 0.472 0.1+1+0 2.174
Cl+B9(276) 0.565 0.51+1+ 1.342
C5B6(276) 0.542 0.518 1.556
C1C9(276) 0.506 0.500 0.398
C2C3C276) 0.1+95 0.1+91+ 0.067
C3C10(276) 0.555 0.525 1.929
C4c5(276) O.568 0.538 1.913
C2A5(138) 0.574 0.526 3.05
C3A1(138) 0.523 0.510 0.854
CUA5(138) 0.523 0.1+95 I.838
C5A7(138) 0.54 0.528 0.779
C1B8(138) O.I+76 0.525 3.32
C3B6(138) 0.551+ 0.1+80 4.762







C4c7(l38) 0.596 0.51+9 2.945
C5C8(138) 0.586 0.557 1.828
C1A3C55) 0.61+ O.615 1.524
C2A1(6'3) O.637 O.618 1.161
C3A9(69) 0.557 0.51+7 0.642
CU9(65) 0.6I+1+ 0.585 3.589
C2B5(69) 0.1+7 0.513
-2.925
C3B2(69) 0.60 0.574 1.625
TABLE 3-9 (Continued)
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o c f (+ = Settlement)
ChB6(69) 0.558 0.533 1.605





cUc6(63) 0.621+ 0.607 1.01+7
C5CT(69) 0.556 O.567
-0.707
R1A3(2T6) 0.592 0.528 1+.02
R2AT(276) 0.652 0.51+3 6.60
R3A5(2T6) 0.618 0.1+92 7.787
R5A6(276) 0.50 0.1+71 1.933
R2B8(276) 0.637 O.58O 3.1+82
R3B8(276) 0.515 0.1+80 2.31
Rl+Bl(276) 0.528 0.1+85 2.811+
R5B6(276) 0.57 0.5!+!+ 1.656
R1C3(276) O.U76 0.1+83
-0.1+71+
R1C10(276) 0.525 0.1+97 1.836
R3C2(276) 0.536 0.501+ 2.083
R5C3(276) 0.632 0.588 2.696
R2A1(138) 0.663 O.61U 2.9U6
R3A3(138) 0.653 0.51+5 6.531+
Rl+Ao(l38) 0.525 0.1+91 2.23
R5A7(138) 0.578 0.552 1.61+8
R2B3(138) 0.5^9 0.535 0.904




R5B2(138) 0.721 0.590 7.61+1
R2C9(138) O.I+89 0.1+87 0.101
R3C9(138) 0.51+5 0.530 0.971
RUci(138) 0.1+93 0.500
-0 . 1+69











e f (+ = Settlement)
riaM 69) 0.6J5 0.598 4. 597
R2A5(69) 0.631 0.612 I.165
R3A2(83) 0.621 0.585 1.675
R5A8(6o) 0.618 0.631
-0.803
R1B10(69) 0.623 0.608 0.924
R2B9(66) 0.537 0.5^6
-O.586
R3B3(69) 0.599 0.553 2.377
R5B4(69) 0.602 0.585 1.061
R2C3( 69) 0.529 0.526 O.196
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The relationships between the volume change due to saturation and
consolidation and consolidation pressure are shown in Figures 3-16 and
3-17. It is observed that the samples with the higher energy level In-
crease in volume (swell) under lower confining pressures, while most
samples decrease in volume (settle) under higher consolidation pressures.
Apparently in the former case the swelling pressure from the hydrating
clay minerals, in conjunction with the reduced effective stress due to
saturation, exceeded the confining pressure and resulted in a volume in-
crease. If the confining pressures were sufficient to overcome the
swelling tendency, volume reduction occurred.
Compaction moisture content also affects percent volume change due
to saturation and consolidation, but trends are difficult to isolate.
Holtz and Gibbs (1956) reported for swell tests on compacted clays
that increasing the compaction moisture content for a given dry density
resulted in decreased percent swell. For this study, most of the samples
compacted dry of optimum exhibit percent volume changes more than (less
net swell or more net compression) the samples compacted wet of optimum.
The compactive prestress also affects the volume change upon sat-
uration and consolidation. The compactive prestress is a function of
compactive pressure. The higher compactive prestress should produce a
decrease in initial void ratio. Lin (1981) showed that for a given con-
fining stress, the volume change on wetting decreases with decreasing
initial void ratio (more net swell or less net compression)
. Examina-
tion of Figures 3-16 and 3-17 show that percent volume change upon
saturation and consolidation are less (more net swell or less net
compression) for the Caterpillar than for the Rascal roller at


































































Figure 3- I 6 Caterpillar Percent Volume Change Upon Saturation and
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7 Rascal Percent Volume Change Upon Saturation and
Consolidation Vs. Consolidation Pressure
-;-
have been subjected to a higher compactive pressure, they should have
been subjected to a higher compactive prestress than the Rascal samples.
3-1-3.2 Stress-Strain and Pore Water
Pressure Response
The typical strain versus stress and pore pressure curves for field
compacted samples are shown in Figures 3-18, 19, 20. Figure 3-18 shows
the stress-strain curves for high confining pressure (276 kPa) com-
pacted dry and wet of optimum. These curves are classified as either
Type I or Type II, in the system of Casagrande and Hirschfeld (1962).
All further discussion of "types" of stress-strain curves will be after
this system. Type I and Type II curves are well-rounded, with the pos-
sible exception of an initial straight line section which terminates
before half the maximum shear stress is attained. Figure 3-19 and 3-20
show the curves for samples with low confining pressure (69 kPa) com-
pacted dry and wet of optimum. Compaction dry of optimum produced a
Type III stress-strain curve, while compaction wet of optimum produced
a Type V curve. Seed and Chan (1959) found similar results. The re-
mainder of the strain versus stress and pore water pressure curves are
shown in Figures Bl to B36.
Table 3-10 shows the failure conditions for all CIU tests. It can
be seen that the pore pressure and deviator stress at failure increase
with increasing final void ratio. Henkel (1956), Bjerrum (1960), and
Simons (1960) showed that the magnitude of the A
f
value is a function
of OCR. The stress versus strain and pore pressure curves for samples
C4B6 and C5C7 are shown in Figure 3-21. These two samples have almost
the same initial water content, initial dry density, and confinement,
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Figure 3-20 CIU Results for Samples R2A5 ,RIBIO,and
C4B6
TABLE 3-10 Failure Conditions for Consolidated
Undrained Triaxial Tests
1-*
Principal Stress Pore Pressure Skempton's A ? 5: i _ m. c *z
Difference at Change at Parameter at Void
Sample Failure Failure Failure Ratio
No. (a 1 - a 3 ) f (kPa) Au f (kPa) Af e f




c4a4(276) 35U.U 118.7 0.335 0.542
C5A5(2T6) 280.2 109.0 0.389 0.530
C1B10(276) 490.2 1.4 0.003 0.474
C2B7(2T6) 709.3 - 52.4 -0.074 0.440
CUB9(2T6) 264.9 75-9 0.287 0.544
C5B6(2T6) 458.7 48.3 0.105 0.518
C1C9(276) 379-0 34.5 0.091 0.500
C2C3(2T6) 455.8 - 30.4 -0.067 0.494
C3C10(2T6) 295.1 90.4 0.306 0.525
CUC5(2T6) 228.4 129.7 0.568 0.538
C2A5(138) 208.6 27.6 0.132 0.526
C3A1(138) 235.5 27.6 0.117 0.510
CUA5(138) 221.6 46.2 0.209 0.495
C5A7(138) 330.6 - 10.4 -0.031 0.528
C1B8(138) 327.5 - 62.8 -0.192 0.525
C3B6(138) 305.7 6.9 0.023 0.480
C4B5(138) 231.4 29.7 0.128 0.507
C5B4(138) 269.6 8.3 0.031 0.546
C2C1(138) 172.8 45.5 0.264 0.597
C3CK138) 236.3 - 19.3 -0.082 0.533
C4C7U38) 165.9 66.9 0.403 0.549
C5C8(138) 269.4 11.0 0.041 0.557
C1A3(65) 68.8 38.0 0.552 0.615
C2A1(55) 99.6 27.6 0.277 O.618
C3A6(63) 144.6 13.8 0.085 0.547
CUa9(69) 161.5 68.3 0.423 0.585
TABLE 3-10 (Continued)
1-:
Principal Stress Pore Pressure Skempton'3 A Fall are
Difference at Change at Parameter at Void
Sample Failure Failure Failure Ratio
No. {a i - CT 3 ) f (kPa) Auf
(kPa) Af •2 ^>
C2B5(69) 246.3 - 56.6 -0.23 0.513
C3B2C69) 111.1 20.0 0.18 0.574
c4b6(69) 167.2 5-1 0.031 0.533
C5B8(83) 195.6 - 12. It 0.063 0.576
C2CM70) 13U.2 - 13-1 -0.098 0.61U
C3C6(6l) 115.2 2.8 0.024 0.622
CUc6(63) 128.7 31.7 0.247 0.607
C5C7(69) 161.9 - 34.
2
-0.211 0.567
R1A3(276) 391.3 118.7 0.303 0.528
R2A7(276) 379-5 125.6 0.331 0.543
R3A5C276) 253.1 144.2 0.57 0.492
R5A6(276) 460.0 41.4 0.09 0.471
R2B8(276) 350.5 125.6 ' 0.358 0.580
R3B8(276) 396. 73.8 0.186 0.480
RUB1(276) 334.0 91.8 0.275 0.485
R5B6(276) 338.1 72.5 0.214 0.544
R1C3(276) 790-3 -111.1 -0.141 0.483
R1C10(276) 454.2 53.1 0.117 0.497
R3C2(276) 401.7 46.9 0.117 0.504
R5C3(276) 200.2 153.9 0.769 0.588
R2A1(138) 266.4 22.8 0.085 0.6l4
R3A3C138) 189.2 51.8 0.274 0.545
Rl+A6(l38) 179.2 53.8 0.3 0.491
R5A7C138) 198.9 24.8 0.125 0.552
R2B3(138) 209.8 52.4 0.25 0.535
R3B7(138) 197.6 - 43.3 0.244 0.540
RUB9(138) 228.9 19.3 -0.084 0.582
R5B2(138) 158.1 69.7 0.441 0.590
R2C9C138) 527.1 - 60.0 -0.114 0.487
TABLE 3-10 (Continued)
Principal Stress Pore Pressure Skempton ' s A Failure
Difference at Change at Parameter at Void
Sample Failure Failure Failure Ratio
No. {a l - CTg) f (kPa) Auf (kPa) Af
R3C9(138) 2U8.U 17.9 0.072 - y I -
RUC1(138) 353.6 - 78.7 -0.222 0.500
R5C6(138) 298.6 - 23.5 -0.079 0.560
R1AM69) 98.3 kk.9 O.U56 0.598
R2A5(69) 16U.8 17-9 0.109 0.612
R3A2(83) 131*. 9 22.1 0.16U 0.585
R5A8(6o) 106.6 13.1 0.123 0.631
RIBIOC69) 208.6 - 16.6 -0.079 0.608




R5BU(69) 110.3 18.6 0.169 0.585
R2C3(69) 2UU.6 - 20.0 -0.082 0.526
R3C5(69) 153.5 5.5 0.036 0.5^2
Ri+C6(63) 165.3 - U.8 -0.029 0.521
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The relationships between the volume change due to saturation and
consolidation and consolidation pressure are shown in Figures 3-16 and
3-17. It is observed that the samples with the higher energy level in-
crease in volume (swell) under lower confining pressures, while most
samples decrease in volume (settle) under higher consolidation pressures.
Apparently in the former case the swelling pressure from the hydrating
clay minerals, in conjunction with the reduced effective stress due to
saturation, exceeded the confining pressure and resulted in a volume in-
crease. If the confining pressures were sufficient to overcome the
swelling tendency, volume reduction occurred.
Compaction moisture content also affects percent volume change due
to saturation and consolidation, but trends are difficult to isolate.
Holtz and Gibbs (1956) reported for swell tests on compacted clays
that increasing the compaction moisture content for a given dry density
resulted in decreased percent swell. For this study, most of the samples
compacted dry of optimum exhibit percent volume changes more than (less
net swell or more net compression) the samples compacted wet of optimum.
The compactive prestress also affects the volume change upon sat-
uration and consolidation. The compactive prestress is a function of
compactive pressure. The higher compactive prestress should produce a
decrease in initial void ratio. Lin (1981) showed that for a given con-
fining stress, the volume change on wetting decreases with decreasing
initial void ratio (more net swell or less net compression) . Examina-
tion of Figures 3-16 and 3-17 show that percent volume change upon
saturation and consolidation are less (more net swell or less net
compression) for the Caterpillar than for the Rascal roller at
the same confining pressure. Since the Caterpillar roller samples
-:-:
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Figure 3— I 6 Caterpillar Percent Volume Change Upon Saturation and













































7 Rascal Percent Volume Change Upon
Saturation and
Consolidation Vs. Consolidation Pressure
-;'
have been subjected to a higher compact ive pressure, they should have
been subjected to a higher compactive prestress than the Rascal samples.
3-1-3.2 Stress-Strain and Pore Water
Pressure Response
The typical strain versus stress and pore pressure curves for field
compacted samples are shown in Figures 3-18, 19, 20. Figure 3-18 shows
the stress-strain curves for high confining pressure (276 kPa) com-
pacted dry and wet of optimum. These curves are classified as either
Type I or Type II, in the system of Casagrande and Hirschfeld (1962).
All further discussion of "types" of stress-strain curves will be after
this system. Type I and Type II curves are well-rounded, with the pos-
sible exception of an initial straight line section which terminates
before half the maximum shear stress is attained. Figure 3-19 and 3-20
show the curves for samples with low confining pressure (69 kPa) com-
pacted dry and wet of optimum. Compaction dry of optimum produced a
Type III stress-strain curve, while compaction wet of optimum produced
a Type V curve. Seed and Chan (1959) found similar results. The re-
mainder of the strain versus stress and pore water pressure curves are
shown in Figures Bl to B36
.
Table 3-10 shows the failure conditions for all CIU tests. It can
be seen that the pore pressure and deviator stress at failure increase
with increasing final void ratio. Henkel (1956), Bjerrum (1960), and
Simons (1960) showed that the magnitude of the A value is a function
of OCR. The stress versus strain and pore pressure curves for samples
C4B6 and C5C7 are shown in Figure 3-21. These two samples have almost
the same initial water content, initial dry density, and confinement,
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Figure 3-20 CIU Results for Samples R2A5 ,RIBIO,and
C4B6
TABLE 3-10 Failure Conditions for Consolidated
Undrained Triaxial Tests
1U2
Principal Stress Pore Pressure Skempton's A Failure
Difference at Change at Parameter at Void
Sample Failure Failure Failure Ratio
No. [a l - a 3 ) f (kPa) Au f (kPa) Af e f
C1A9(276) 263.0 131.1 0.498 0.550
C3A5(2T6) 329.7 114.5 0.347 0.478
C4a4(276) 354.4 118.7 0.335 0.542
C5A5(2T6) 280.2 109.0 0.389 0.530
C1B10(2T6) 1+90.2 1.4 0.003 0.474
C2BT(276) 709.3 - 52.4 -0.074 0.440
CUB9(276) 264.9 75-9 0.287 0.544
C5B6(2T6) 458.7 48.3 0.105 0.518
C1C9(2T6) 379-0 34.5 0.091 0.500
C2C3(276) 455.8 - 30.4 -0.067 0.494
C3C10(276) 295.1 90.4 0.306 0.525
CUC5(276) 228.4 129.7 0.568 0.538
C2A5(138) 208.6 27.6 0.132 0.526
C3A1(138) 235-5 27.6 0.117 0.510
C4A5(138) 221.6 46.2 0.209 0.495
C5A7(138) 330.6 - 10.4 -0.031 0.528
C1B8(138) 327.5 - 62.8 -0.192 0.525
C3B6(138) 305.7 6.9 0.023 0.480
CUB5(138) 231.4 29.7 0.128 0.507
C5B4(138) 269.6 8.3 0.031 0.546
C2C1(138) 172.8 45.5 0.264 0.597
C3C1(138) 236.3 - 19-3 -0.082 0.533
CUC7(138) 165.9 66.9 0.403 0.549
C5C8(138) 262.4 11.0 0.041 0.557
C1A3(65) 68.8 38.0 0.552 0.615
C2A1(55) 99.6 27.6 0.277 O.618
C3A6(63) 144.6 13.8 0.085 0.547




Principal Stress Pore Pressure Skempton's A Failure
Difference at Change at Parameter at Void
Sample Failure Failure Failure Ratio
No. {a l - <r 3 ) f (kPa) Auf
(kPa) Af e<.
C2B5(69) 21+6.3 - 56.6 -0.23 0.513
C3B2(6g) 111.1 20.0 0.18 0.571+
CkB6(69) 167.2 5.1 0.031 0.533
C5B8(83) 195.6 -12.lt O.O63 0.576
C2CM70) 13U.2 - 13.1 -0.098 0.6lU
C3C6(6l) 115.2 2.8 0.021+ 0.622
C4c6(63) 128.7 31.7 0.21+7 0.607
C5CT(69) 161.9 - 3^.2 -0.211 0.567
R1A3(2?6) 391-3 118.7 0.303 0.528
R2AT(2T6) 379-5 125.6 0.331 0.51+3
R3A5C276) 253.1 Ikk. 2 0.57 0.1+92
R5A6(2T6) U60.0 1+1. U 0.09 0.1+71
R2B8(2T6) 350.5 125.6 ' 0.358 0.580
R3B8(2T6) 396. 73.8 0.186 0.1+80
R4B1(2T6) 331+.0 91.8 0.275 0.1+85
R5B6(276) 338.1 72.5 0.211+ 0.51*1*




R3C2(2T6) 1*01.7 U6.9 0.117 0.501+
R5C3C2T6) 200.2 153.9 0.769 0.588
R2A1(138) 266. k 22.8 0.085 0.6ll*
R3A3(138) 189.2 51.8 0.271+ 0.5^5
RUA6(138) 179-2 53.8 0.3 0.1*91
R5A7C138) 198.9 21+.8 0.125 0.552
R2B3(138) 209.8 52.1+ 0.25 0.535
R3BTC138) 197.6 - 1+3.3 0.21+1+ 0.51*0
RUB9(138) 228.9 19.3 -0.081+ 0.582
R5B2(138) 158.1 69.7 0.1+1+1 0.590
R2C9C138) 527.1 - 60.0 -Q.lllt 0.1+87
TABLE 3-10 (Continued)
Principal Stress Pore Pressure Skempton's A Failure
Difference at Change at Parameter at Void
Sample Failure Failure Failure Ratio
No. (°1 - °3)f (kPa) Auf (kPa) Af
R3C9U38) 21+8.1+ 17.9 0.072 0. 530
Ri+Cl(l38) 353-6 - 78.
T
-0.222 0.500
R5C6(138) 298.6 - 23.5 -0.079 0.560
R1AM69) 98.3 kk.9 O.U56 0.598
R2A5(69) 16U.8 17.9 0.109 0.612
R3A2(83) 13^.9 22.1 0.16U 0.585
R5A8(60) 106.6 13.1 0.123 0.631
R1B10(69) 208.6 - 16.6 -0.079 0.608
R2B9(69) 253. k - 19-3 -0 . 076 0.5^6
R3B3(66) 117.7 33.8 0.287 0.553
R5BU(69) 110.3 18.6 0.1o9 0.585
R2C3(69) 2kk.6 - 20.0 -0.082 0.526
R3C5(69) 153.5 5.5 0.036 0.5^2
Ri+C6(63) 165.3 - U.8 -0.029 0.521
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Figure 3-21 CIU Results for Sample C4B6 ,C5C7
iu6
deviator stress of both samples are almost identical but the pore
pressures are different. Because the higher energy should produce a
p
higher compacted prestress and a higher OCR ( s/q-, ) , the pore pressures
should be smaller, and this is the case.
Figures 3-22 and 3-23 show Caterpillar and Rascal A. values versus
consolidation pressures. The expected trend of a decrease in consoli-
dation pressure with decreasing A is not evident for the low consoli-
dation pressure (69 kPa) . Johnson (1979) reported that Af values were
not only a function of consolidation pressure, but also a function of
dry density and initial degree of saturation.
Since the initial compacted conditions of the samples in this study
are so different, trends in the deviator stress and pore pressure are
very difficult to determine. The effective stress strength parameters,
c' and $', also cannot be directly obtained from the test data. There-
fore, statistical regression analysis is applied to solve these diffi-
culties .
3-2 Statistical Analysis
Regression analysis has become one of the most widely used statis-
tical tools for interpreting multifactor data. It is appealing because
it provides a conceptually simple method for investigating functional
relationships among variables. The mathematical model used for the
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Figure 3-23 Rascal Af Vs. Consolidation Pressure
V*9
B = regression parameters that factor
the independent variables
X = value of the independent variable
of the ith trial





In general, the least-squares method chooses as the best-fitting model
the one which minimizes the sum of squares of the distance between the
observed response and those predicted by the fitted model. The better
the fit, the smaller will be the deviations of observed from predicted
values. The resulting estimated response function can be written as
*i
= K + hXl + Kh + '•• + VlVl °"A)
where Y. = the estimated mean response of Y^^
1— B ,B, , ..., B I s* least-squares estimates
o 1 p-l
Linear regression analysis is a very flexible tool, as variables which
correlate nonlinearly can be mathematically transformed to show more
linear behavior. Products (X^) , inverses ( /X) , polynomials (X11 )
and logarithms (log X) are the transformations most commonly employed.
A major problem is to decide which of these variables, or combinations
thereof should be used in the study.
The Statistical Package for the Social Sciences (SPSS, Nie et al.,
1975), part of the software library at Purdue University, provided the
programs which were utilized in the linear regression analyses. Rele-
vant discussions regarding multiple regression can be found in Neter
and Wasserman (1974)
.
The desired independent variables were first plotted, using the
:v.
SPSS routine SCATTERGRAM, versus the dependent variable, and provided
quantitative indications of the degree of correlation. The independent
variables chosen for future study were those which indicated high
linearity during the SCATTERGRAM investigation. Next, the STEPWISE
option of the REGRESSION routine was utilized to form multiple linear
regression equations from a selected subset of the independent variables
.
STEPWISE is a SPSS search procedure which progressively adds or removes
independent variables during construction of an equation. A variable
that entered at an early stage of the correlation may become super-
fluous at a later stage. To check this possibility, a partial F test
for each variable presently in the model is made at each step. The
variable is treated as though it were the most recent variable entered,
irrespective of its actual entry point into the model. That variable
with the smallest nonsignificant partial F statistic is removed. The
model is refitted with the remaining variables, the partial F's are
obtained and similarly examined, and so on. The whole process continues
until no more variables can be entered or removed.
The criteria for selection of a satisfactory multiple regression
equation are as follows
:
2
(1) The coefficient of multiple determination (R ) must be
greater than 0.60.
2
(2) The adjusted coefficient of multiple determination (R ) must
increase with each additional independent variable entered
into the model.
(3) The overall F-test at the a = 0.05 significance level must
be satisfied.
(4) The confidence interval for each 6. coefficient tested at
a = 0.05 level must be small and not include zero.
151
(5) The residuals must be normally distributed random variables.
In this study, if more than one equation satisfied all the above
2
criteria, the final selection was based on the highest values of R
and the fewest independent variables
.
3-2-1 Density Prediction Models
Table 3-11 lists the basic independent variables used to generate
a prediction model for density. It was found that the dry densities
wet-of-optimum for both laboratory compacted soil and field compacted
soil are independent of compactive effort. Weitzel (1979) developed
a prediction model for the wet-of-optimum dry density as below:
p. - 961.8 + 15564. 6/w (3-5)d
3
where p. a predicted dry density, kg/mQ
w = water content, %
The prediction model developed for dry density wet-of-optimum of field
compacted soil is:
pd
= 1273.05 + 8797. 21/w (3-6)
The pertinent statistical data for both prediction models are presented
in Table 3-12. The coefficients of determination (R2 ) for the models
are 0.99 and 0.88, respectively.
On the dry side of optimum, the dry density depends very much on
compactive effort, as well as moisture content. The dry density
regression models dry-of-optimum for field compacted soil and for
laboratory compacted soil based on the Weitzel (1979) data are given
below:
(a) Laboratory dry density prediction model
152


















R1A 4 14.07 17^0.0 780
R2A 4 15.48 1755-3 780
R3A 4 14.91 175^.0 780
R4a 4 17-36 1782.1 780
R5A 4 18.1+8 1756.7 780
RIB 8 15.27 1773.6 1038
R2B 8 lfc.rr 1810.6 1038
R3B 8 lU.31 1806.7 1038
R4B 8 17-03 1789.0 1038
R5B 8 18.12 1736.9 1038
R1C 16 14.18 1835.
4
1525
R2C 16 14.07 1839.9 1525
R3C 16 15.4 1803.4 1525
R4c 16 16.38 1816.8 1525
R5C 16 19-18 1740. 1525
CIA 4 14.54 1771.2 797
C2A 4 15.47 1762.5 797
C3A 4 14.68 1784.3 797
C4A 4 18.51 1745.1 797
C5A 4 17.56 1768.6 797
C1B 8 13.48 1860.1 1204
C2B 8 14.62 1847.3 1204
C3B 8 14.06 1773-7 1204
C4B 8 16.7 1795.2 1204
C5B 8 17.27 1782.9 1204
C1C 16 13.05 1877.4 1771
C2C 16 14.35 1824.7 1771
C3C 16 15-04 1815.5 1771
c4c 16 17.51 1783.8 1771
C5C 16 1757 1791.3 1771
-.;
TABLE 3-12 Statistical Data for Density Prediction Models
Wet-of-Optimum Dry Density Models
Statistical Laboratory Field
Criteria




Overall F-Test 9779-02 71.19
95/6 Confidence Interval
for Regression Coefficient
1/w 15236.23, 15892.87 6k-Jk.l2, 11120.29
All Moisture Dry Density Models
P d = 1566.38 + 62.1+5 V P c /w p d = 1929^68 +
+ 0.0021U Jp~ • w2 + 211.6
-v/Pc/v +




• W 2 -





















1/w 1217. 3b, 1915.^2
15U
p, - 1566.8 + 62.45-\/Pc/w + 0.00214VPc • w 2
+ 0.0031w • P - 2617. 4/w (3-7)
(b) Field dry density prediction model
Pd
- 1929.68 + 211.6 ^/Fc/w + 0.00016,
v/pc • w 2
- 0.0096w • Pc - 6816. 83/w (3-8)
The statistical criteria for dry density models are presented in
Table 3-12. The range of the field dry density model is shown by the
joint region of observations in Figure 3-24. The moisture limits of
application of Equations 3-5 and 3-6 are in the range of 19 to 27Z and
16 to 20%, respectively.
Figure 3-25 shows the prediction models for the wet-of-optimum dry
density for both laboratory and field compacted clay. The trends of the
two curves are similar, but the ranges of water content are different.
Figure 3-26 shows all moisture-dry density models for laboratory and
field compacted St. Croix clay. The field dry-of-optimum dry density
prediction model has different trends compared to the laboratory curves
.
However, the field model is based upon very little data. The moisture
limits of application of Equation 3-7 and 3-8 are in the range of 14Z
to 25% and 12% to 18%, respectively.
3-2-2 As-Compacted Strength Prediction Model
Table 3-13 lists the basic independent variables utilized in the
analysis of as-compacted strength (^c) . These basic variables were
transformed through the use of square roots, squares, inverses, products
and divisions.
Equations (3-9) and (3-10) are the most satisfactory relationships
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(Weitzel, 1979), respectively.
(a) Field Compacted Soil:
q = -6980.05 + 636. 21w - 8.3w 2 - 0.155 p, . w
c a
+ 112.1 (1 - S
i





(b) Laboratory Compacted Soil:
q = -1878.2 + 51.54w - 0.06 pd • w + 1.39w
2






where q = estimated compressive strength, kPa
p, = dry density, kg/m 3
S. = initial degree of saturation, %
w = water content, %
a, = confining pressure, kPa
The statistical data for these two equations are shown in Table 3-14.
The multiple coefficient of determination (R 2 ) for field compacted soil
is 0.72, which is acceptable, but not highly satisfactory.
Since the dry density can be expressed in terms of initial void









and the initial degree of saturation is related to water content (w)
and initial void ratio ( eo) by:
S, = wG /e (3-12)
I s o
The strength prediction models can be a function of initial viod
ratio ( eo) , confining pressure (a ) , and water content (w) . Figure
3-27 shows the relationship between the predicted field compressive
strength and water content at a constant initial void ratio (or dry
density) . It can be seen that the predicted field as-compacted strength
(q ) increases with increasing confining pressure and decreasing water
16*





a • -1378.2 * 51. 5* w-
0.06 p 4 • v * 1.39 w
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Figure 3-27 Predicted Field As-Compacted Strength-Water Content
Relationship at a Constant Initial Void Ratio
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content. This is also true for the laboratory as-compacted strength
model as shown in Figure 3-28. Figure 3-29 shows that the as-compacted
strength of both laboratory and field compacted soils increases with
increasing dry density and water content for a given confining pressure
until the sample reaches near-saturation at a high water content level.
The joint region of observations for the field strength prediction
model is shown in Figure 3-6. Values of the independent variables of
water content and dry density should lie in this region. In addition,
the range of confining pressure applicable is 69 to 276 kPa .
3-2-3 Prediction Model for Volume Change due to
Saturation and Consolidation
The basic independent variables utilized in the analysis of percent
volume change due to saturation and consolidation for field compacted
soil are listed in Table 3-15. The estimated compactive prestress
(P ) values were obtained by inserting' the values of compaction moisture
content and compactor foot pressure into the predictive model developed
by Lin (1981)
.
The final regression models selected for the field
compacted soil, and laboratory compacted soil [based on Johnson (1979)
dataj, are given below:
(a) Field Compacted Soil
A
^ (%) = -0.166 + 2.47e .fa 1 - 0.365 PV oV c s
-0.00263w • a' (3-13)
c
(b) Laboratory Compacted Soil
A
AV I
tt- (%) = -9.4 + 2.9e Jo' - 0.404 P
v o^ c s
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^crc =276kPa
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Figure 3-28 Predicted Laboratory As-Compacted Strength-Water
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Figure 3-29 Predicted Compressive Strength-Dry Density
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change due to saturation and
consolidation (swell is negative)
e = initial void ratio
o
a' = isotropic consolidation pressure, kPa
c
w = water content, %
P = estimated compactive prestress, kPa
s
The statistical data for these two models are shown in Table 3-16.
The coefficients of determination (R2 ) of 0.95 and 0.72 are excellent
and adequate, respectively. The residuals are normally distributed.
Figure 3-30 shows for constant values of initial void ratio that
— (%) decreases (more net swell or less net compression) , as the esti-
va A
o ^
mated compactive prestress increases. The figure also shows that v
o
(%) increases (more net compression or less net swell) with increasing
confining pressure and decreasing water content. For samples with the
A
same water content and confining pressure, — (%) decreases or dry
o
density increases (initial void ratio decreases). This is a result
of the greater swell potential of compacted clay at higher densities.
The tendency for swelling is evidenced by the negative coefficient for
zero confinement (free swell). The highest estimated swell values
occur at the lowest confining pressure and the highest compactive
prestress (P ), for a given water content and dry density. The same
trends also can be obtained from laboratory results (Johnson, 1979) in
Figure 3-31.
The usable range of the field percent volume change model is shown
by the joint region of observation in Figure 3-14. The dry density
can be expressed in terms of initial void ratio by applying Equation
3-11. The range of estimated compressive prestress (P g ) is
from 400
174
TABLE 3-l6 Statistical Data of the Prediction Models for
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ITT
kPa to 750 kPa . It is also required that the consolidation pressure
be between 69 kPa and 276 kPa
3-2-4 Prediction Model for Skempton's A
Parameter at Failure
Table 3-17 lists the basic independent variables utilized in the
analysis of the Skempton's A parameter at failure (A
f )
for field com-
pacted soil. For the analysis of A
f ,
logarithms, square roots and in-
verses were utilized to transform the basic independent variables. The
final regression models selected for the field compacted soil, and
laboratory compacted soil based on Johnson (1979) data , are given
below:
(a) Field Compacted Soil
A, = 2.05 - 0.73/e - 0.232 x 10" 4 p-VsT -
r o civ 1
0.382 log (OCR) (3-15)
(b) Laboratory Compacted Soil
A. = 2.34 + 0.56/e - 0.189 x 10_3 p, /s7 -
f o d v i
0.246 log (OCR) (3-16)
where e - initial void ratio
o
p = dry density, kg/m 3
S = initial degree of saturation, %
OCR = the ratio of estimate prestress (P )
s
to the isotropic consolidation pressure
The statistical data for these two equations are shown in Table 3-18.
The multiple coefficient of determination (R2 ) for both field compacted
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TABLE 3-18 Statistical Data of the Prediction Model for








































factorily as being normally distributed.
Figure 3-32 and 3-33 show that for a constant value of initial




. This agrees with the results presented by Henkel (1956) for
remolded clay. The figures also show that A increases as initial
void ratio increases (or dry density decreases) for a given initial
degree of saturation and OCR. This behavior is very similar to that
displayed by sand samples sheared at various relative densities. Very
loose samples develop positive pore pressure whereas samples at other
initial densities develop negative pore pressure during undrained shear.
Figure 3-34 and 35 show for constant values of OCR and initial void
ratio (or as-compacted dry density) that an increase in initial degree
of saturation produces a decrease in Af . It also can be seen that A
decreases as OCR increases, at constant initial void ratio (dry density)
and initial degree of saturation.
The range of the field Skempton's Af parameter model is shown in
Figure 3-14. The consolidation pressure must be between 69 kPa and 276 kPa.
3-2-5 Prediction Model for the Effective
Stress Parameters, c" and (ji 1
Since the initial compacted conditions (water content, dry density,
energy level) of the samples from the field test pads were so variable,
statistic regression models of soaked strength and pore pressure at
failure, shown in Table 3-19, were utilized to calculate p', qf values.
The values of p' and qf are defined as follows:
l*\ - *p £ qu
q f =
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q
v
p =—-— =—-— + ( .) = J +
(a . - a.) (3-18)
3f f
where aj = the effective major principal stress, kPa
a' = the effective minor principal stress, kPa
~s
q estimated compressive strength for
saturated soil, kPa
u = estimated pore pressure at shear failure, kPa
The range of independent variables of dry density and water content are
shown in Figure 3-14. The initial void ratio can be expressed in terms
of dry density by applying Equation 3-11. The consolidation pressure
must be between 69 kPa and 276 kPa
The effective stress strength parameters, c' and <j>', were obtained
from stress path plots by subjecting the values of q f and p^ for the
given water contents and dry densities to simple linear regression
analysis. The p' values were utilized as the independent variable and
the qf values as the dependent variable. Examples of the
p' versus
q failure lines are shown in Figures 3-36 and 3-37. The plots for
the remainder of the compaction conditions are shown in Figures CI to
C21. The effective stress strength parameters from the stress path
plots were determined from equations as
:
q' = a' + p' tan a 1 = c' cos $' + p£ sin <j>' (3-19)
Table 3-20 lists the basic independent variables utilized in the
analysis of the effective stress strength parameters (c 1 and $') for
field compacted soil. The as-compacted dry densities were determined by
the field dry density prediction models of Equations 3-6 and 3-8 for the




































































































0.0 12 1733.0 0.6l
R2A 26.1+ 6.7 Ik 1753.0 0.591
R3A 2U.5 18.7 16 1761.9 0.583
rUa 21.3 35. k 18 1762.2 0.583
R5A 16.1 57.3 20 1756.0 0.508
R2B 27. 2.3 1U 179^.9 0.55^
R3B 25.1 16.6 16 178U.7 0.563
rUb 21.3 32.2 18 1767.6 0.578
R5B 21.3 61.2 20 llkk.l 0.598
R3C 25.1 ik.k 16 1807.3 0.582
ri+c 21.3 35. U 18 1763.3 0.582
R5C lU.l* 62.0 20 1716.1+ 0.625
C2A 27.1 2.8 ik 1786.0 0.561
C3A 2U.5 16.5 16 1762.0 0.583
Cl+A 20.7 36. k 18 175U.O 0.59
C5A 16.7 55-3 20 1756.0 0.588
C2B 2b. k 5.6 Ik 1827.0 0.52b
C3B 2k.
5
13.7 16 1780.0 0.567
C*+B 22.0 32.3 18 1778. 0.568




ci+c 21.3 3U.U 18 1778.0 O.568
C5C 15-5 57-1 20 1762.0 0.583
-Y--
veloped during statistical analyses of c' and $' are given below:
(a) Field prediction model for the parameter of c'
c' = -102.79 + 11.208w + L4.55w log e (3-20)
(b) Field prediction model for the parameter of <J>'
<£' = 47.56 - 2.112 w - 2.625w • log eQ
(3-21)
where c' = estimated value of the effective stress
strength intercept, kPa
<f>'
= estimated value of the effective stress
strength angle, degree
w = compaction moisture content, %
e = initial void ratio
o
The statistical data for these two models are all satisfactory and
are shown in Table 3-21. The coefficients of determination of 0.97 and
0.89 indicate that almost all of the variation in the dependent varia-
bles are explained by the variables in the models. The residuals also
test satisfactorily as being normally distributed.
Figure 3-38 shows that for a constant value of initial void ratio
(or dry density) , an increase in moisture content produces a decrease
in l' and an increase in c'. DiBernardo (1979) and Lin (1981) showed
that for a given compaction pressure, an increase in the moisture
content resulted in a lower value of compactive prestress . The lower
p
value of compactive prestress gives the lower value of OCR ( s /o^)
and produces the higher pore pressure. With reference to the Mohr-
Coulomb failure envelope, when the pore pressure increases, the
effective stresses will decrease, and the stress circles will shift
toward the origin; this should produce higher c' and lower $' values.
Figure 3-38 shows for a given moisture content that a decrease in
-;-':
TABLE 3-21 Statistical Data of the Prediction Model for Effective
Stress Strength Parameters
Statistical c' = -102.79 + 11.21V $• = U7.56 - 2.11 v
Criteria
+ lU.55 w • log e Q
- 2.63 w • log e.
R 2 0.97 0.39
F^ 2 0.97 0.88
Overall F-Test 3^0-93 81.9
95$ Confidence Interval
for Regression Coefficient
w 9.72, 12.7 -2.7, -1.53
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Figure 3-38 Prediction of Field Effective Stress Strength
Parameters, c' and '
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initial void ratio produces an increase in $' and a decrease in c '
.
For a constant compacted moisture content, a lower void ratio implies
a higher compactive prestress and a higher value of OCR. The lower
value of initial void ratio produces higher effective compressive
strengths (2q'). The higher value of OCR produces lower pore pressure.
Again, with reference to the Mohr-Coulomb failure envelope, when the
pore pressure decreases, the stress circles will shift away from the
origin. This produces lower values of c', and the higher effective
compressive strength produces higher values of <f>'.
For laboratory compacted soil, the c' values were small and in
the range of 7 to 24 kPa (1 to 3 psi) . The values of 4>'were rather
close to each other. Johnson (1978) proposed that the c' value be
selected at a rough lower bound, e.g., 10 kPa, and J' 20.1 ±1.3
for all conditions.
All field regression models are summarized in Table 3-22. Once
the field initial compaction conditions, such as water content, initial
void ratio, energy level, and confining pressure are known, these
regression equations can be applied to determine all the dependent
variables. For the same initial compaction conditions, the Rascal
models will give higher values of as-compacted strength and larger
volumetric strains due to saturation and consolidation than the Cater-
pillar models
.
3-3 Application of Results
The initial conditions of compaction may be expressed in terms of
the initial void ratio, initial degree of saturation, compaction mois-
ture content, and the specific gravity of the soil. The relationship
->-:
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between these initial compactive conditions is:
S,e - w • G (3-22)
i o s
where S. = initial degree of saturation
e = initial void ratio
o
w = compaction moisture content
G = specific gravity of the soil
The as-compacted dry density can be expressed in terms of the initial
void ratio, as shown by Equation 3-11. From Equation 3-22, the
initial void ratio decreases (dry density increases) , with decreasing
moisture content for a given initial degree of saturation. Compaction
at a higher energy level on the dry side results in a higher dry den-
sity (lower initial void ratio) at a given compaction moisture content.
From Figure 2-2 it can be seen that the range of moisture contents for
high compaction energy levels is much lower than for low compaction
energy levels. Two different soils compacted at the same energy level
and compaction moisture content produce different dry densities. From
Figure 2-2 it can be seen that the test pad soil with lower plasticity
and a higher density than the laboratory soil with higher plasticity
at the same energy level. Thus, the range of compaction moisture con-
tents depends on the level of compaction energy and the plasticity of
the soil.
Two methods of prediction are presented herein for prediction of
the laboratory control curve of a second soil from the known control
curve of a first. Both methods are based on the same concepts.
A. Graphic Superposition Method
Step 1 . Translate the dry density-moisture content curve
from one soil to another soil at the same laboratory compactive energy
"-»
level.
From Figure 2-2, the optimum moisture contents of the soil com-
pacted in the laboratory and the test pad soil are 22% and 15.5% at
the same energy level (Standard Proctor) . The ratio of these two
optimum moisture contents is 0.7. According to Equation 3-22, for
a given initial degree of saturation and a given specific gravity,
the ratio of the initial void ratios of both soils also equals 0.7.
Therefore the regression curves for one soil compacted in the labora-
tory can be translated to a second soil of differing plasticity (also
compacted in the laboratory and at the same energy level) by applying
a factor of 0.7 to the compaction water content and initial void
ratio. This is not a translation between laboratory and field compac-
tion, but a translation for different soils in laboratory compaction.
Step 2 . Applies intuitive judgments to the translated curves
for the field soil to account for the variabilities of soil and roller
conditions in the field.
B. Statistical Regression Method
Step 1 . Get the translation factor due to the difference of
soil plasticity. The procedure is the same as Step 1 in Method A.
The translation factor of moisture content or initial void ratio for
this study is 0.7.
Step 2 . Use a statistical method (as shown below) to gener-
ate the field compaction curve from laboratory prediction models.
Measured field data for field compacted soil is used, the values of which
correspond to the translated water contents and initial void ratios.
(a) The wet-of-optimum dry density prediction model
Twelve water contents were selected from within the allowable
>-,',
range of values, and substituted into Equation 3-5 to generate 12
values of pd (laboratory compacted soil). Twelve values
of p d
(field compacted soil) corresponding to the translated water contents
(0 7 • w ) were taken from the field compacted measurements. The
lab
statistical regression procedure was then utilized to generate a
correlation between the field response (p d ) and the
translated labor-
atory response (pd).
p ,,. „, JN = 188.3 + 0.872 p, (translated labMd(fxeld compacted) d compacted) (3_ 2 3)
The coefficient of determination (R2 ) of 0.88 indicates that almost
all of the variation in the dependent variable is explained by the
variables in the equation.
(b) The dry-of-optimum dry density prediction model
Because of the scarcity of field compacted samples dry-of-optimum,
no correlation between field values and translated laboratory values
was possible. Method A is suggested for the prediction of field dry
density from translated laboratory dry density data.
The predicted dry density for field comDacted and translated labor-
atory compacted soils both wet and dry of optimum are shown in Figure
4-1.
(c) As-compacted strength prediction model
Seventy-two combinations of water content, dry density, confining
pressure, and initial degree of saturation were selected from within
the allowable range of values, and substituted into Equation 3-10 to
generate 72 values of q (lab). Seventy-two values of qc
(field) corre-
sponding to the translated water contents and void ratios (which
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Figure 4-1 The Predicted Dry Density for Field Compacted
and Translated Laboratory Compacted Soils.
correlation between the field response q and laboratory response q_
then was generated by statistical regression analyses procedures as
below;
q (field) = 174.92 + 0.916 q (lab) (3-24)
The coefficient of determination (R 2 ) of 0.84 indicates that almost
all of the variation in the dependent variable is explained by the
variables in the equation.
(d) Prediction model for volume change due to
saturation and consolidation
Sixty combinations of water content, initial void ratio, confining
pressure, and compaction pressure were selected to substitute into
AV
Equation 3-14, generating sixty values of /V (lab). The same number
of values of /V (field) for translated values of w and e^ were taken
o °
from the CIU test data. The correlation between the field response
A A
/V and laboratory response /V was found by the statistical regres-
sion procedures to be:
A A
AV/V (field) = 1.886 + 0.495 AV/V (lab) (3-25)
o o
The coefficient of determination (R 2 ) of 0.81 indicates that almost all
of the variation in the dependent variable is explained by the variables
in the equation.
(e) Prediction model for Skempton's A parameter
at failure
The correlation between the field compactive prestress (P ) and
translated laboratory compactive prestress was determined first by
statistical regression procedures as follows:
P (correct) = -303.67 + 1.323 P (translated lab)
s s
(R 2 = 0.91) (3-26)
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Fifty-five combinations of water content, initial void ratio, con-
fining pressure, and corrected estimated compactive prestress were
selected to substitute into Equation 3-16, generating fifty-five values
of Af (lab) . The same number of values of A f (field) for translated
values of w and e were taken from the CIU test data. The correlation
o
between the field response Af and laboratory response A was generated
by statistical regression analyses procedures as below;
A (field) = 0.223 + 0.66 A (lab) (3-27)
The coefficient of determination (R 2 ) of 0.69 is low but acceptable.
(f) Prediction model for the effective stress
parameters, c' and <j>'
Since the c' and <j>' values for laboratory compacted soil and field
compacted soil were very close to each other, no correlations between
the field responses and laboratory responses were possible. The field
responses c',
<J>' can best be estimated by substituting the estimated
initial field compacted conditions into Equations 3-20 and 3-21.
(g) Example problem
Given — in a laboratory Standard Proctor test:
1) Dry density-moisture content curves for both test pad and
laboratory soils as shown in Figure 2-2;




(i) Estimate the field dry density for roller foot compaction
pressure (P ) = 800 kPa.
(ii) Estimate the field as-compacted strength and its correspond-
ing water content and dry density at a depth of cover of 7.0 m
in a compacted embankment.
-(iii) Estimate the field volumetric strain at 7.0 m due to satur-
ation and conao Lidation.
(iv) Estimate the value of A at 7.0 m caused by undrained
shear of this saturated and consolidated soil.
For (i), the translation ratio is 0.7 ( = 15.5%/22%). The labor-
atory dry density can be determined from the laboratory prediction
model, Equation 3-5, as p d (lab soil)
= 1610.3 kg/m 3 (eQ = 0.73).
The




x 0.73 = 0.511). From Equation 3-23, the field dry density can be
calculated as 1798.0 kg/m 3 . The corresponding field water content is
17% (0.7 x 24%).
For (ii ) , the initial degree of saturation (S ) can be
obtained from Equation 3-22. S. = w • G^ = 92%. The laboratory
as-compacted strength can be determined from the laboratory prediction
model, Equation 3-10, as q
c
(iab) = 281.2 kPa . The field as-compacted
strength from Equation 3-24, is 432.4 kPa which corresponds to field
compactive conditions of w = 17% (0.7 x 24), eQ = 0.51 (0.7
x 0.73),
a = 138 kPa, and S . = 92%.
c i
For (iii), the laboratory volumetric strain due to saturation
and consolidation can be determined from the laboratory prediction
model, Equation 3-14, as
AV/V
Q
(lab) = 1.93%. The field volumetric
strain due to saturation and consolidation from Equation 3-25, is
2.84%, which corresponds to the field compactive conditions of w
=
17%, e = 0.51, S. = 92%, o ' = 138 kPa and P = 800 kPa.
o l c <-
For (iv), the value of A for laboratory compacted soil can
be determined by Equation 3-16, or Af (lab)
= 0.21. The value of
A for field compacted soil from Equation 3-27 is 0.36 which corre-
205
sponds to the field compactive conditions of w = 17%, e^ - 0.51,
S = 92%, a' = 138 kPa and P = 800 kPa
.
i c c
This method also can be applied starting with given field ini-
tial conditions. The laboratory translated water content and void
ratio can be obtained by using the reciprocal of the translation
factor, and these can be inserted in the laboratory prediction model.
The field prediction dependent variables can then be determined by
using appropriate equation, viz., 3-23, 3-24, 3-25, or 3-27.
'-'.'.
4- CONCLUSIONS AND RECOMMENDATIONS
4-1 Conclusions
The as-compacted and saturated undrained strengths of a field
compacted medium plastic St. Croix clay have been examined in this
study. The statistical predictions accomplished in this study were
coupled with those from preceding laboratory studies (Weitzel, 1979
and Johnson, 1979) to produce predictions of field compacted re-
sponses from laboratory compacted behavior.
From the UU and CIU triaxial tests performed on samples of field
compacted, medium plastic St. Croix clay, the following conclusions
may be drawn:
(1) The soil used in the field test pads was of lower placti-
city than that used in the laboratory studies. The mois-
ture-density curves are displaced in an expected fashion.
(2) The magnitude of field compacted dry density is influ-
enced by both compaction water content and compactive
effort for dry-of-optimum moisture contents.
(3) The dry density of wet-of-optimum field compacted soil
is a function of water content but not of compactive
energy
.
(4) The as-compacted strength (q ) of the field compacted soil
increases with increasing confining pressure and dry den-
sity, and with decreasing water content until the samples
reaches near-saturation. This parallels the laboratory
results of Weitzel (1979) (Figure 3-29).
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(5) The volume change occurring during shear for as-compacted
samples are significant, especially for samples of low
water content and low dry density. The volumetric strain
p
at failure decreases with increasing OCR ( s/a c ) . The
volumetric strain due to application of the confining
pressure decreases to a minimum with water at contents
about the optimum value (Figures 3-8, 3-9, and 3-10).
(6) The volume change due to saturation and consolidation
(
AV/V
, %) increases (more net compression or less net
swell) with increasing confining pressure and decreasing
water content for a given dry density. An increase in
as-compacted dry density for constant values of initial
degree of saturation and consolidation pressure produces
a decrease in volume change (
AV/V
Q ,
%) due to saturation
and consolidation (Figures 3-15 and 3-30).
(7) Lower confining pressures and higher estimated compactive
prestress for a given water content and dry density pro-
duces a greater swell potential for the field compacted
St. Croix clay (Figure 3-30).
(8) Skempton's A parameter at failure is a function of
initial




decreases as OCR increases
for constant values of initial void ratio (or dry density)
and degree of saturation (Figures 3-32 and 3-34)
.
(9) An increase in e for constant values of S± and
OCR pro-
duces an increase in Af
(Figure 3-32).
(10) A decrease in S. for constant eQ
and OCR produces an in-
crease in A (Figure 3-34).
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(11) The predicted effective stress strength parameters, c' and
4>', are function of compaction water content and initial
void ratio. For a constant value of initial void ratio
(or dry density) , an increase in water content produces
a decrease in <t>' and an increase in c' (Figure 3-38).
(12) Statistically valid prediction models for dry density,
as-compacted strength, percent volume change due to
saturation and consolidation, Skempton's A parameter at
failure, and effective stress strength parameters c'
and <j>' were formulated for field compacted St. Croix
clay (Table 3-22).
(13) The prediction equations developed herein are generally
similar to those of an earlier study for laboratory
compacted St. Croix clay (Weitzel, 1979 and Johnson,
1979).
(14) Two methods were developed for the predictions of field
compacted relationships from laboratory tests. The first
step is to translate the laboratory compacted relations
to those appropriate for the soil involved in the field
compaction. The translation factor is the ratio of
Standard Proctor optimum moisture content values.
(15) Applying the translation factor allows the selection of
appropriate values for the statistical development of
Equations 3-23, 3-24, 3-25, and 3-27. These equations predict
the field compacted dry density at wet-of-optimum, the
field compacted as-compacted strength, the field compact-
ed volume change due to saturation and consolidation, and
Skempton's A parameter at failure, all from
testing of
laboratory compacted soil. A graphic
superposition method
is suggested for the prediction of field
dry density at
dry-of-optimum, from laboratory tests.
4-2 Recommendations for Future Research
(1) If sample volume changes in the
triaxial test are to be
measured by the volume of the displaced cell
water, im-
provements in the current triaxial design are
required
to minimize leakage.
(2) A study of the Kq
values for field compacted samples is
needed. Strength responses for Kq
consolidated samples
can then be determined, and compared with
the isotropic
consolidation behavior.
(3) Improvements in the present
methods of predicting field
compactive energies are needed for commonly
used rollers.
Correlations between field compactive energy,
laboratory
compactive energy, and dry density can
then be developed
for typical soils.
(4) One additional clay should be
experimentally studied by
procedure similar to those presented herein.
A material
of lacustrine origin is recommended.
(5) A simplified compacted clay model
can be formulated from
these and similar studies, and this should
be accomplished,
This model will have somewhat reduced
credentials with
respect to the statistical ones reported
above, but will
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